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VABSTRACT
I n f o r m a t i o n  on t h e  n u c l e a r  s t r u c t u r e  o f  0 has  been d e r i v e d ,  
i n  two r e g i o n s  o f  e x c i t a t i o n  e n e rg y ,  f rom a l p h a - i n d u c e d  r e a c t i o n s  on
c a rb o n .  The f i r s t  r e g i o n ,  be tw een  13 .5  and 15 .0  MeV, was s t u d i e d
12 12
t h r o u g h  t h e  compound n u c l e u s  r e a c t i o n s  C ( a , a  ) ,  C ( a , a ' ) ,  ando
1 2 C ( a , a ' 7 ) .  The second  r e g i o n ,  n e a r  2 0 .8  MeV, was s t u d i e d  th ro u g h  t h e
12 8 8
a l p h a - t r a n s f e r  r e a c t i o n  C(cc, Be) Be.
E l a s t i c  s c a t t e r i n g  e x c i t a t i o n  f u n c t i o n s  were  r e c o r d e d  a t  some 
20 a n g l e s ,  and a l s o  a t  a n g l e s  c o r r e s p o n d i n g  to  z e r o s  o f  Legendre  p o l y ­
n o m ia l s ,  f o r  bombarding e n e r g i e s  r a n g i n g  from 8 . 5  t o  10.7 MeV. A 
combined p h a s e - s h i f t  and o n e - l e v e l  m any-channe l  a n a l y s i s ,  pe r fo rm ed  on 
some 14 e x c i t a t i o n  f u n c t i o n s ,  e n a b le d  s p i n - p a r i t y  a s s i g n m e n t s  to  be
I  £  I I _
made to  s i x  l e v e l s  i n  0: 4 ( 1 3 .8 8  MeV), 0 (1 4 .0 3  MeV), 3 (14 .22
MeV), 4+ (1 4 .6 3  MeV), 5~ (1 4 .6 7  MeV), and 6+ (14 .81  MeV).
A ngu la r  d i s t r i b u t i o n s  o f  i n e l a s t i c a l l y - s c a t t e r e d  a l p h a  p a r ­
t i c l e s  were m easured  a t  15 e n e r g i e s  be tw een  E = 8 . 3 0  and 10.42 MeV.
a
An R - m a t r ix  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  d a t a  p r o v id e d  s u p p o r t  f o r  t h e
e l a s t i c  s c a t t e r i n g  r e s u l t s  by e n a b l i n g  a s s i g n m e n t s  o f  4+ ( 1 3 .8 8  MeV),
3 ” ( 1 4 . 1 0  MeV), 4+ ( 1 4 .6 3  MeV), 5 _ ( 1 4 .6 4  MeV), and 6+ ( 1 4 . 8 0  MeV).
Measurements  o f  t h e  4 .4 3  MeV gamma r a y  a n g u l a r  d i s t r i b u t i o n s
and D o p p l e r - b r o a d e n e d  p r o f i l e s ,  f o r  bombarding e n e r g i e s  r a n g i n g  from
7 .9 5  t o  10 .35  MeV, a l l o w e d  a lower l i m i t  o f  3 t o  be Set  t o  t h e
p o s s i b l e  J  v a l u e s  i n  t h e  i n e l a s t i c  c h a n n e l ,  and t e n d e d  to  c o n f i r m  t h e
+ +4 ( n e a r  13 .8  MeV) and 6 ( n e a r  14 .8  MeV) a s s i g n m e n t s .
vi
Excitation functions for the reaction C(a, Be) Be were
recorded at Q = 90°, for E varying from 15.0 to 18.96 MeV, and atc.m. a
= 20° and 30°, for E^ varying from 16.6 to 18.5 MeV. Four angular
distributions were recorded, at E = 17.4, 17.7, 18.05, and 18.36 MeV.a
No evidence was found for the sought after 8+ level near 20.8 MeV. The 
most importanti value in the 20 - 21 MeV region was shown to be I = 6.
vii
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INTRODUCTION
A l t h o u g h  o x y g e n  i s  t h e  most  a b u n d a n t  o f  t h e  e l e m e n t s  and i s  
e s s e n t i a l  t o  t h e  l i f e  o f  a l l  a n i m a l s  and p l a n t s ,  i t s  n a t u r e  e l u d e d  t h e  
i n v e s t i g a t i o n  o f  t h e  e a r l y  s c i e n t i s t s .  The o v e r t h r o w  o f  t h e  p h l o g i s t o n  
t h e o r y  and t h e  r e c o g n i t i o n  o f  ox y g en  a s  an e l e m e n t  o c c u r r e d  i n  t h e  
s e c o n d  h a l f  o f  t h e  1 8 t h  c e n t u r y ,  f o l l o w i n g  t h e  m a j o r  d i s c o v e r i e s  o f  
A.L.  L a v o i s i e r .  So many c h e m i c a l  and p h y s i c a l  p r o p e r t i e s  o f  ox y g en  
h a v e  b e e n  e s t a b l i s h e d  t h r o u g h  two c e n t u r i e s  o f  s c i e n t i f i c  r e s e a r c h  t h a t  
a k n o w led g e  o f  t h e  n u c l e a r  s t r u c t u r e  o f  t h e  o x y g e n  i s o t o p e s  seems t o  be  
t o d a y ' s  f i n a l  c h a l l e n g e .
16
I n  t h e  l a s t  t w e n t y  y e a r s  o r  so t h e  e n e r g y  l e v e l s  o f  0 h a v e  
b e e n  e x t e n s i v e l y  s t u d i e d ,  b o t h  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  T e n ­
t a t i v e  d e s c r i p t i o n s  o f  t h e  n u c l e a r  s t r u c t u r e  o f  t h i s  d o u b l e  c l o s e d -  
s h e l l  n u c l e u s  h a v e  b e e n  g i v e n  i n  t e r m s  o f  t h e  s p h e r i c a l  s h e l l  m o d e l ,  
s u c c e e d i n g  r e l a t i v e l y  w e l l  w i t h  t h e  o d d - p a r i t y  l e v e l s .  I t  i s  o n l y  
r e c e n t l y  t h a t  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  t h e  s t r u c t u r e  h a s  
b e e n  g a i n e d ,  when s e v e r a l  e x p e r i m e n t s  p r o v e d  t h a t ,  i n  o r d e r  t o  d e s c r i b e
t h e  e v e n - p a r i t y  s t a t e s ,  a s p h e r i c a l  s h e l l  model  was i n s u f f i c i e n t  and
16t h a t  a d e f o r m e d  n u c l e u s  had t o  be  c o n s i d e r e d .  Today ,  t h e  0 n u c l e u s
i s  r e g a r d e d  a s  h a v i n g  a d u a l  n a t u r e  w i t h  " s p h e r i c a l "  and " c o l l e c t i v e "
e n e r g y  l e v e l s  c o m p e t i n g  and i n t e r f e r i n g  w i t h  one  a n o t h e r .
16S e v e r a l  r e g i o n s  o f  e x c i t a t i o n  e n e r g y  i n  0 h a v e  n o t  b e e n  
d e s c r i b e d  i n  d e t a i l ,  and t h e  r e l a t i v e l y  few e x p e r i m e n t a l  and  t h e o r e t ­
i c a l  r e s u l t s  r e l a t e d  t o  them a r e  somewhat  i n  c o n t r a d i c t i o n .  A l t h o u g h  
12
t h e  C + a  n u c l e a r  r e a c t i o n s ,  w h ic h  a r e  c h a r a c t e r i z e d  by s t r o n g  com­
pound n u c l e u s  r e s o n a n c e s ,  c a n n o t  r e a d i l y  p r o v i d e  any d i r e c t  i n f o r m a t i o n  
a b o u t  t h e  s t r u c t u r e  o f  l e v e l s ,  t h e y  c a n  a l l o w  f o r  a p r e c i s e
2d e t e r m i n a t i o n  o f  t h e  s p i n s ,  e n e r g i e s ,  t o t a l  and p a r t i a l  w i d t h s  o f  t h e s e  
l e v e l s .  T h i s  i s  why a new i n v e s t i g a t i o n  o f  some r e g i o n s  o f  e x c i t a t i o n  
t h r o u g h  t h e s e  n u c l e a r  r e a c t i o n s  was f e l t  t o  be  w o r t h w h i l e .
The f i r s t  and m a j o r  p a r t  o f  t h e  p r e s e n t  w ork  i s  d e v o t e d  t o  
t h e  r e g i o n  o f  e x c i t a t i o n  b e t w e e n  1 3 . 5  and 1 5 . 0  MeV, w h e r e  a t r i p l e t  o f  
l e v e l s  ( 4 + , 5+ , 6+ ) , s u p p o s e d  t o  b e l o n g  t o  a r o t a t i o n a l  b a n d ,  h a s  
r e c e n t l y  b e e n  t e n t a t i v e l y  i d e n t i f i e d .  A summary o f  p r e v i o u s  t h e o r e t ­
i c a l  and e x p e r i m e n t a l  r e s u l t s  w h i c h  fo rm  t h e  b a c k g r o u n d  t o  t h i s  work  i s
p r e s e n t e d  i n  C h a p t e r  1. The e x p e r i m e n t a l  s t u d y  o f  t h e  r e a c t i o n s
12 12 12
C ( a , a  ) ,  C ( a , a ' ) ,  and C ( a , a ' 7 ) ,  fo rm s  t h e  s u b j e c t  o f  C h a p t e r  2 ,o
3 ,  and 4 ,  r e s p e c t i v e l y .  Each s t u d y  i s  c o n s i d e r e d  i n d e p e n d e n t l y  b e c a u s e  
t h e  e x p e r i m e n t a l  t e c h n i q u e s  u s e d  a n d / o r  t h e  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  w e r e  d i f f e r e n t  i n  e a c h  c a s e .  A l l  t h e  i n f o r m a t i o n  and s p e c t r o ­
s c o p i c  e v i d e n c e  g a i n e d  t h r o u g h  t h e s e  e x p e r i m e n t s  i s  c o l l e c t e d  and 
e v a l u a t e d  i n  C h a p t e r  5.
The s e c o n d  p a r t  o f  t h i s  w ork  t r e a t s  t h e  r e g i o n  o f  e x c i t a t i o n
n e a r  2 0 . 8  MeV, w h e r e  a h i g h - s p i n  l e v e l  h a s  r e c e n t l y  b e e n  t e n t a t i v e l y
i d e n t i f i e d .  The s t r u c t u r e  o f  t h a t  r e g i o n  was p r o b e d  t h r o u g h  t h e  
12 8 8C ( a ,  Be) Be r e a c t i o n ,  and  t h e  c o r r e s p o n d i n g  s t u d y  fo r m s  t h e  s u b j e c t  
o f  C h a p t e r  6.
The t h e o r y  o f  r e s o n a n t  n u c l e a r  r e a c t i o n s  was u s e d  t o  i n t e r -
12 12
p r e t  t h e  r e s u l t s  o f  t h e  s t u d y  o f  t h e  C ( a , a  ) and C ( a , a ' )  r e a c t i o n s ,
o
t h e  c o r r e s p o n d i n g  b a s i c  d e f i n i t i o n s  and f o r m u l a e  a r e  g i v e n  i n
g
A p p e n d ix  A. The t e c h n i q u e  u s e d  t o  d e t e c t  t h e  Be n u c l e i  f rom  t h e
12 8 8C ( a ,  Be) Be r e a c t i o n  n e c e s s i t a t e d  a p a r t i c u l a r  method  t o  c a l c u l a t e  
t h e  d e t e c t i o n  s o l i d  a n g l e ,  and t h i s  i s  d e s c r i b e d  i n  A p p e n d ix  B.
PART 1
STRUCTURE OF 160 IETWEEN 1 3 « 5 AND 1 5 . 0  MeV
3CHAPTER 1
SOME FACTS AND IDEAS ABOUT 160
In order to relate the present investigations to all aspects
16of the structure of 0, comparisons will have to be made with theoret-
J
ical predictions and previous experimental results» It is the object 
of this chapter to give a summary of these results, but only those 
already published when the present work was well under way are 
discussed in the following review»
1 C
1.1 NUCLEAR MODELS AND 0
1 6In the simple shell model the ground state of 0 is doubly 
magic, so that the low-lying excited states are expected to be 
particle-hole states. But, it has long been realized that many of 
these states are, in fact, collective many-particle many-hole (Np-Nh) 
states which are lowered in energy because of the binding energy gained 
from deformation.
Several good descriptions of the odd-parity states have been 
given in terms of the 1p-1h model of nuclear excitations [El 57, Gi 64]. 
In the latter work [Gi 64], the particle-hole energies were obtained 
from the spectra of the neighbouring odd-mass nuclei, in the hypothesis 
of a spherical scheme and of pure j-j coupling.
Many of the even-parity levels were shown to fit into J(J + 1) 
bands, characteristic of the rotational spectra of deformed nuclei, 
following the alpha-scattering experiments of Carter et al. [Ca 64] 
(which provided tentative spin assignments over a wide range of excita­
tion energy). Rotational model calculations were performed, confirming
16the existence of rotational bands for even-parity states in 0, and
4g i v i n g  a p p r o x i m a t e l y  t h e  e x p e r i m e n t a l  moment o f  i n e r t i a  and  t h e  
o b s e r v e d  r e l a t i v e  p o s i t i o n  o f  t h e  b an d s  [Bo 6 4 ] .  I t  was a l s o  s u g ­
g e s t e d  t h a t  a m i x t u r e  o f  s p h e r i c a l ,  p r o l a t e ,  and o b l a t e  s h a p e s  m ig h t  
e x i s t  i n  ^ 0 .
1 6A d e s c r i p t i o n  o f  t h e  l o w - l y i n g  e v e n - p a r i t y  s t a t e s  o f  0 was 
g i v e n  [Br 6 6 ] ,  i n  w h i c h  t h e  u s u a l  s t a t e s  i n  t h e  s p h e r i c a l  s h e l l  model  
w e r e  mixed  w i t h  d e f o r m e d  s t a t e s  o b t a i n e d  by e x c i t i n g  p a r t i c l e s  o u t  o f  a 
d e f o r m e d  c o r e .  The m e a s u r e m e n t  o f  h i g h  gamma-ray  t r a n s i t i o n  r a t e s  
b e t w e e n  e v e n - p a r i t y  s t a t e s  [Go 6 6 ] ,  t h e  v a l u e  o f  w h i c h  was c l o s e  t o  t h e  
one  c a l c u l a t e d  u s i n g  t h e  r e s u l t s  o f  t h e  ab o v e  t h e o r e t i c a l  w o rk ,  c o n ­
f i r m e d  t h i s  d e s c r i p t i o n .  S t r o n g - c o u p l i n g  [Ke 65,  Ce 66]  and w eak -  
c o u p l i n g  [Ar 67] s h e l l - m o d e l  c a l c u l a t i o n s ,  w h i c h  c o n s i d e r e d  s i m i l a r  
m i x t u r e s  o f  s p h e r i c a l  and r o t a t i o n a l  c o n f i g u r a t i o n s , w e r e  a l s o  c a r r i e d  
o u t .  The r e s u l t s  w e r e  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  known p r o p e r ­
t i e s  o f  t h e  p o s i t i v e - p a r i t y  s t a t e s .  The f i r s t  e v e n - p a r i t y  b a n d ,  b a s e d  
on a 0~*~ l e v e l  a t  6 . 0 6  MeV, was shown t o  be  g e n e r a t e d  m a i n l y  by a 4 p - 4 h  
c o n f i g u r a t i o n ,  and t h e  o v e r a l l  i m p o r t a n c e  o f  2 p - 2 h  and 4 p - 4 h  
c o n f i g u r a t i o n s  was r e c o g n i z e d .
R e c e n t l y ,  an  " e x a c t "  s h e l l - m o d e l  c a l c u l a t i o n  g i v i n g  a good 
1 6d e s c r i p t i o n  o f  0 ,  i n c l u d i n g  e v e n -  a s  w e l l  a s  o d d - p a r i t y  l e v e l s ,  was
p e r f o r m e d  by Z u k e r  e t  a l .  [Zu 6 8 ] .  The b a s e  s e l e c t e d ,  more e x t e n s i v e
t h a n  i n  t h e  p r e v i o u s  w o r k s ,  i n c l u d e d  a c o m p l e t e l y  f i l l e d  1 p^ 2
12
i . e .  an  i n e r t  s p h e r i c a l  C c o r e ,  and a l l  p o s s i b l e  s t a t e s  o f  f o u r  p a r ­
t i c l e s  i n  t h e  Ip  ^ s l / 2 ’ anc* ^ 5 / 2  o r B i t a l s .  A s i m i l a r  many- 
p a r t i c l e  m a n y - h o l e  d e s c r i p t i o n  h a s  b e e n  e x t e n s i v e l y  u s e d  i n  o t h e r  
c a l c u l a t i o n s  [Ab 6 7 a ,  K1 69,  Ta  70]  w i t h  t h e  same s u c c e s s .  By t h e n ,  
t h e  e x i s t e n c e  o f  f o u r  r o t a t i o n a l  b a n d s  had  b e e n  f i r m l y  e s t a b l i s h e d ,  
i . e .  t h r e e  p o s i t i v e - p a r i t y  b a n d s  (B~j", B^, and B^) and one o f  n e g a t i v e -  
p a r i t y  ( B ^ ) ,  t h e  c h a r a c t e r i s t i c s  o f  w h ic h  a r e  g i v e n  i n  t a b l e  1 . 1 .
5T a b l e  1.1
16R o t a t i o n a l  b an d s  i n  0 [Ab 6 7 a ,  Ca 64,  Ca 68]
Number and Main Head o f  Band a t 160*
P a r i t y C o n f i g u r a t i o n (MeV)
Bl
4p - 4h 0+ 6 . 0 6
B2
2p - 2h 0+ 1 1 .2 6
B3
8p - 8h 0+ 1 6 .7 5
b; 3p - 3h 1 ~ 9 . 5 9
The 0 n u c l e u s  h a s  a l s o  b e e n  d e s c r i b e d  i n  t e r m s  o f  t h e
16a l p h a - p a r t i c l e  o r  c l u s t e r  m o d e l .  I n  t h i s  m o d e l ,  i t  i s  a s sum ed  t h a t  0 
c o n s i s t s  o f  a l p h a  p a r t i c l e s  a t  t h e  f o u r  c o r n e r s  o f  a t e t r a h e d r o n .  I n  a 
r e c e n t  c a l c u l a t i o n  [Br 7 0 ] ,  s u c c e s s f u l  r e s u l t s  w e r e  a c h i e v e d ,  
e s p e c i a l l y  f o r  t h e  l e v e l s  b e l o n g i n g  t o  t h e  t h i r d  p o s i t i v e  band  ( B ^ ) .
The most  i m p o r t a n t  t h e o r e t i c a l  r e s u l t s ,  a s  f a r  a s  t h e  p r e s e n t  
work i s  c o n c e r n e d ,  w o u ld  seem t o  be  t h o s e  o f  Z u k e r  e t  a l .  A p a r t  f rom 
p r e d i c t i n g  t h e  6+ member o f  t h e  4 p - 4 h  band  (B*j") a t  1 7 .4 2  MeV, t h e  c a l ­
c u l a t i o n s  s u g g e s t  a t r i p l e t  o f  s t a t e s  ( 4 + , 5+ , 6+) , b e l o n g i n g  t o  t h e  
2 p - 2 h  band  ( B ^ ) ,  i n  t h e  v i c i n i t y  o f  1 5 . 0  MeV. S i m i l a r  s t a t e s  had
a l r e a d y  b e e n  p r e d i c t e d  a t  1 3 .0 7  (4~*~) and 12 .17  MeV ( 6 +) [Ce 6 6 ] .  On
- f -  *4*
t h e  o t h e r  h a n d ,  t h e  6 (B^) l e v e l  was p r e d i c t e d  a t  1 3 . 9  [Ke 6 5 ] ,  1 4 . 8 5
[Ar 6 7 ] ,  and 1 5 .8 3  MeV [Ce 6 6 ] .  A l s o ,  p r e d i c t i o n  h a s  b e e n  made o f  a 0+ 
s t a t e  a t  1 3 . 8 5  MeV [K1 6 9 ] .  F i n a l l y ,  t h e  5 member o f  t h e  3 p - 3 h  band 
(B^) was p r e d i c t e d  a t  1 4 .8  MeV [Ke 6 5 ] .  A summary o f  t h e s e  t h e o r e t i c a l  
r e s u l t s  i s  g i v e n  i n  t a b l e  1 . 2 .
6T a b l e  1 .2
Summary o f  l e v e l  p r e d i c t i o n s  which  co u ld  be o f  i n t e r e s t
i n  t h e  p r e s e n t  work
160*
(MeV)
M ix tu r e  o r  Dominant  
C o n f i g u r a t i o n
Ref s .
0+ 13.85 (2p - 2h) + (4p - 4h) Kl 69
4+ 13.07 (2p - 2h) + (4p - 4h) Ce 66
4+ «  15 .0 (2 p - 2h) Zu 68
5" 14.8 ( 3 p - 3h) Ke 65
6+ 12. 17 (2p - 2h) Ce 66
6+ «  15 .0 (2p - 2h) Zu 68
6+ 13.9 (4p - 4h) Ke 65
6+ 14 .85 (4p  - 4h) Ar 67
6+ 15.83 (4p - 4h) Ce 66
6+ 17.42 (4p - 4h) Zu 68
1.2 SPECTROSCOPIC INFORMATION 
1 .2 .1  ^ C  + a  r e a c t i o n s
12
Anom alie s  i n  t h e  C(a,cco ) e x c i t a t i o n  f u n c t i o n s  have been
o b s e r v e d  n e a r  E = 9 . 0 ,  1 0 .0 ,  1 0 .2 ,  and 10.25  MeV [Fe 61, Ca 64, Cl 6 8 ] ,
a
c o r r e s p o n d i n g  t o  l e v e l s  n e a r  13 .91 ,  1 4 .66 ,  14 .81 ,  and 14 .85  MeV r e s p e c -
12 12
t i v e l y .  S t u d i e s  o f  t h e  C ( a , a ' )  and C ( a , a ' 7 )  r e a c t i o n s  showed
r e s o n a n c e s  a t  a lm o s t  t h e  same bombarding  e n e r g i e s ,  s u p e rp o s e d  on a
r a p i d l y  i n c r e a s i n g  backg round  [Fe 61, La 64, Mi 6 4 a ] .  I n  t h e  r e a c t i o n  
12 C ( a , p Q) o n ly  one r e s o n a n c e ,  which  was v e r y  weak, was o b s e r v e d  f o r  
E^ = 10 .35  MeV (1 4 .9 2  MeV i n  ^ 0 )  [Ca 6 4 ] .  J71' v a l u e s  o f  4+ and 0+ were 
a s s i g n e d  t o  t h e  l e v e l s  a t  13 .88  (E^ = 8 .9 6  MeV) [Mi 64a]  and 14 .0  MeV
7(E = 9.1 MeV) [Cl 6 8 ] ,  r e s p e c t i v e l y ; tke t o t a l  w i d t h  oj "the 0 *  sX<*-t e
was g i v e n  ( \ s l Cyh = 4- 8 MeV. The l e v e l  n e a r  14 .8  MeV was g iv e n  a
7t 4-
t e n t a t i v e  l o w - s p i n  a s s i g n m e n t ,  J  = 0  o r  1 [Ca 64, Mi 6 4 a ] .
12I n  t h e  C ( a , 7  ) r e a c t i o n ,  o n l y  T = 0 s t a t e s  o f  n a t u r a l  
o
p a r i t y  a r e  s t r o n g l y  p o p u l a t e d ,  El g r o u n d - s t a t e  t r a n s i t i o n s  a r e  f o r b i d ­
den f o r  pu re  T = 0 s t a t e s  w he re as  E2 g r o u n d - s t a t e  t r a n s i t i o n s  may be
enhanced .  Thus,  t h i s  r e a c t i o n  seems w e l l  s u i t e d  f o r  t h e  i n v e s t i g a t i o n
+ - 16 
o f  2 , T = 0 s t a t e s ,  and o f  i s o s p i n  i m p u r i t i e s  o f  1 s t a t e s  i n  0.
However,  i n  t h e  8 .5  - 11.2  MeV r a n g e  o f  bombarding  e n e rg y ,  no
r e s o n a n c e s  i n  t h e  y i e l d  o f  t h e  g r o u n d - s t a t e  gamma r a y  were  o b s e rv e d
[Su 6 7 ] .  T h i s  r e s u l t  i m p l i e s  t h a t  2 , T = 0 s t a t e s ,  as  w e l l  as  1
i s o s p i n - m i x e d  s t a t e s ,  a r e  v e r y  u n l i k e l y  i n  t h e  13 .5  - 15 .5  MeV r e g i o n
o f  e x c i t a t i o n  i n  ^ 0 .
1 . 2 . 2  N + p r e a c t i o n s
16L e v e l s  o f  0 formed th ro u g h  t h e s e  r e a c t i o n s  may be e i t h e r
T = 0 o r  T = 1 n a t u r a l  o r  u n n a t u r a l  p a r i t y  s t a t e s .  The r e s u l t s  q u o te d
h e r e  r e f e r  s o l e l y  t o  l e v e l s  o f  n a t u r a l  p a r i t y .
Two r e l e v a n t  r e s o n a n c e s  have  been r e p o r t e d  i n  s t u d i e s  o f  t h e
^ N ( p , a  ) ,  ^ N ( p , a ' ) ,  and ^“* N ( p , a '7) r e a c t i o n s .  One f o r  E = 1.890  MeV o p
1 £
( 1 3 . 8 8  MeV i n  0) [Ba 59 ] ,  and a n o t h e r  f o r  E = 3 .0 0 0  MeV ( 1 4 .9 3  MeV
P
i n  160) which  was a s s o c i a t e d  w i t h  a 4+ l e v e l  [Ba 57,  Ba 59 ] .  The f i r s t
r e s o n a n c e  can  be i d e n t i f i e d  w i t h  t h e  13 .88 MeV l e v e l  found t h ro u g h  t h e  
1 2C ( a , a ' 7 )  r e a c t i o n ,  and t h e  second w i t h  t h e  r e s o n a n c e  a t  E = 10.35
12MeV o b s e r v e d  i n  t h e  C(a>P ) r e a c t i o n .o
A s tu d y  o f  t h e  r e a c t i o n  ^ N ( p , y  ) [Ea 67] f a i l e d  t o  show, i n
o
t h e  13 .5  - 15 .0  MeV r e g i o n  o f  e x c i t a t i o n ,  any r e s o n a n c e s  which would 
have  been  a s s o c i a t e d  w i t h  = 1 , T = 1, o r  /  = 2 + s t a t e s  i n  ^0.
81.2.3 Reactions with 0 as residual nucleus
The most informative reactions are those which involve trans­
fer of several nucleons. Apart from the usual determination of the 
basic level parameters (energy, widths, spin and parity), they can 
allow the determination of the structure of a level through their 
selectivity. For example, two-nucleon transfer reactions are expected 
to populate preferentially 2p-2h states, whereas 4p~4h states would be 
strongly excited in four-nucleon transfer reactions.
Strongly populated levels have been observed through the
14 3deuteron-transfer reactions N( He,p), near 13.9 and 14.9 MeV [Br 64],
14and N(a,d), near 14.4 and 14.8 MeV [Ri 66, Zi 70]. In the latter
case, tentative assignments of 4 (14.4 MeV state) and 6+ (14.8 MeV
state) were made, based on the 2J + 1 rule [Ri 66]; also, these levels
were considered to be members ol the triplet (4~^ , 5+ , 6 ) predicted by
Zuker et al. near 15.0 MeV [Zi 70].
3 13 6The He-transfer reaction C( Li,t) was found to populate
strongly levels near 14.4 and 14.8 MeV, and also to excite a level near
13.9 MeV [Ba 69b, Ba 70]. Levels near 13.9, 14.4, 14.5, 14.6, and 14.8
12 ^MeV were populated through the alpha-transfer reactions C( Li,d) and 
12 7C( Li,t) [Me 68, Ba 69a, Ba 70], but the spectra were dominated by
Hb "f“groups corresponding to the 4 (10.34 MeV) and 6 (16.2 MeV) levels
which are recognized 4p-4h states (from the B^  band). Thus, the levels 
observed between 13.0 and 15.0 MeV through the above lithium-induced 
reactions are expected to have a predominant 3p-3h or 2p-2h configura­
tion. Only one tentative assignment was made, 5 to the 14.53 MeV
level [Me 68].
9Measurements  o f  i n e l a s t i c  e l e c t r o n  s c a t t e r i n g  by 0 have 
i n d i c a t e d  a l e v e l  a t  14.00  MeV. T h i s  s t a t e  was t e n t a t i v e l y  a s s i g n e d  a 
s p i n - p a r i t y  o f  0+ [St  69,  St  70 ] .  L e v e l s  n e a r  13 .8 ,  1 4 .3 ,  1 4 .7 ,  and
14 .9  MeV have a l s o  been  s u g g e s t e d  t h r o u g h  i n e l a s t i c  a l p h a  s c a t t e r i n g  
e x p e r i m e n t s  [Ha 64, Ha 6 6 ] .
1 . 2 . 4  Summary
-I £
I n  t h e  13 .5  - 15 .0  MeV r e g i o n  o f  e x c i t a t i o n  i n  0, s i x  
l e v e l s  have  been t e n t a t i v e l y  i d e n t i f i e d .  They a r e ,  r e s p e c t i v e l y ,  ne a r
13 .9 (4+) ,  14 .0  ( 0 +) ,  14 .4  (4+) ,  14 .5  ( 5 _) ,  14 .8  (0+ , l " ,  o r  6+) , and
14.9 MeV (4"*"). Only t h e  13 .9 ,  1 4 .0 ,  and 14 .8  MeV l e v e l s  have  been
12o b s e r v e d  t h r o u g h  C + a  r e a c t i o n s .  The most r e l i a b l e  o f  t h e s e  
a s s i g n m e n t s  seems t o  be t h a t  f o r  t h e  13 .9  MeV l e v e l ,  i . e .  4+ .
As f a r  as  t h e o r e t i c a l  p r e d i c t i o n s  a r e  c o n c e r n e d ,  t h e  most 
i m p o r t a n t  l e v e l s  seem t o  be t h o s e  n e a r  14 .4  and 14 .8  MeV, b e c a u s e  o f  
t h e i r  c l o s e  a s s o c i a t i o n  t o  t h e  t r i p l e t  o f  s t a t e s  (4+ , 5+ , 6+) p r e d i c t e d  
n e a r  15 .0  MeV. F i n a l l y ,  no 1 , T = 1, o r  2+ , T = 0, s t a t e s  a r e  
e x p e c t e d  i n  t h e  r e g i o n  o f  i n t e r e s t .  An e ne rgy  l e v e l  d iag ram  i s  shown 
i n  f i g .  1 . 1 ,  and a d e t a i l e d  l i s t i n g  o f  t h e  above e x p e r i m e n t a l  r e s u l t s  
i s  p r e s e n t e d  i n  t a b l e  1 .3 .
0.39
029
0.12
15.26
15.22
14.92
1482
14 39
14.00
13.97
13.87
13.66
r
3~-'-J3:25 
13,14 
O’ 13 (3 
' 13.092VKl3G2 
ß.96
12.79
1253
1244
fj(0)
e^ o
4+ ;0
0+
2'
(0"){T8|
s s p
0+; T sO
Fig. 1.1: Combined energy level diagram of ^ 0  and isobar diagram,
A ■ 16. Neutron-proton mass difference and Coulomb energy have been 
eliminated, and levels presumed to be isospln multlplets are connected 
by dashed lines (data taken from [Aj 71]).
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CHAPTER 2
ELASTIC ALPHA SCATTERING
The elastic scattering of aLpha particles is a powerful
experimental method available for the study of nuclear structure. The
16 12best information about 0 levels formed through C + a reactions is
1 2very likely to be gained through the investigation of the C(a,a ) 
reaction. Such a study, which forms the subject of this chapter, may 
be regarded as the main part of this work.
The data, which consist of excitation functions, were 
collected using standard experimental apparatus and procedures. 
Initially, angular distributions were derived from the excitation 
functions, and their analysis was performed in the usual way. The 
final analysis, which is described here, was based directly on the 
excitation functions; it uses a combined phase-shift and one-level 
multi-channel treatment.
2.1 EXPERIMENTAL APPARATUS
2.1.1 Beam
The 1 MV injector and the 6 MV Tandem Van de Graaff
accelerator provided a beam of doubly-charged alpha particles
o(0.2 - 0.5 pA) which was analyzed in a 90 bending magnet. The 
absolute energy calibration had been previously estimated to be 1 in 
1000.
Before entering the chamber the beam was collimated by a 
series of four circular apertures, of diameter 1.5, 2.3, 1.5, and 
2.3 mm respectively, separated by 10.2 cm long spacers. The
12
c o l l i m a t i n g  a s se m b ly  was o p t i c a l l y  a l i g n e d  t o  t h e  beam l i n e  a x i s  and 
t h e  s c a t t e r i n g  chamber .
The beam, a f t e r  p a s s i n g  t h r o u g h  t h e  t a r g e t ,  was c o l l e c t e d  i n  
an i n s u l a t e d  F a ra d a y  cup ,  employing  m a g n e t i c  e l e c t r o n  s u p p r e s s i o n ,  
l o c a t e d  i m m e d i a t e l y  beyond t h e  s c a t t e r i n g  chamber.  The c u r r e n t  
i n t e g r a t o r ,  known t o  be a c c u r a t e  t o  a bou t  1^, was used  f o r  r e l a t i v e  
y i e l d  c o m p a r i s o n s .  In  t h e  p r e s e n t  work,  a b s o l u t e  a c c u r a c y  was no t  
r e q u i r e d .
2 . 1 . 2  S c a t t e r i n g  chamber
The chamber ,  w i t h  a d i a m e t e r  o f  51 cm, was d e s i g n e d  and b u i l t  
i n  t h i s  l a b o r a t o r y  [Oh 64, Op 7 0 b ] .  I t  ha s  p r o v i s i o n  f o r  mount ing  
d e t e c t o r s  i n  t h e  p l a n e  o f  t h e  beam on two i n d e p e n d e n t l y  r o t a t a b l e  p l a t ­
fo rm s .  As many as  f o u r  t a r g e t s  may be mounted on a f rame l o c a t e d  on 
t h e  a x i s  o f  r o t a t i o n  o f  t h e  sys tem .
Through t h e  use  o f  v e r n i e r  s c a l e s ,  t h e  r e l a t i v e  p o s i t i o n  o f
t h e  d e t e c t o r s  i n  t h e  chamber  c o u ld  be e s t a b l i s h e d  w i t h  an a c c u r a c y  o f  
o
b e t t e r  t h a n  0 .0 5  . The a b s o l u t e  c a l i b r a t i o n  o f  t h e  a n g u l a r  s c a l e  had 
been  d e t e r m i n e d  p r e v i o u s l y  by t h e  o b s e r v a t i o n  o f  a l p h a - p a r t i c l e  s c a t ­
t e r i n g  from go ld  a t  f o rw ard  a n g l e s .  Comparison  o f  t h e  y i e l d s ,  a s  a 
f u n c t i o n  o f  a n g l e ,  w i t h  t h e  c a l c u l a t e d  R u t h e r f o r d  s c a t t e r i n g ,  
d e m o n s t r a t e d  t h a t  t h e  a b s o l u t e  a c c u r a c y  was w i t h i n  0 .2 0 °  [Op 70b] .
The r e l a t i v e  p o s i t i o n  o f  t h e  c o l l i m a t i n g  sy s te m ,  t h e  t a r g e t  
and t h e  d e t e c t o r s ,  Was checked  by y i e l d  measurements  o f  t h e  same a l p h a  
s c a t t e r i n g  a t  a n g l e s  t o  t h e  l e f t  and r i g h t  o f  t h e  beam a x i s .  Agreement  
w i t h i n  t h e  c o u n t i n g  s t a t i s t i c s  was found.
A s c h e m a t i c  view o f  t h e  s c a t t e r i n g  chamber i s  shown i n
f i g .  2 . 1 .
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2 . 1 . 3  D e t e c t o r s
E i g h t  d e t e c t o r s ,  mounted on h o l d e r s  f i x e d  t o  t h e  lower r o t a t ­
a b l e  p l a t f o r m  o f  t h e  s c a t t e r i n g  chamber ,  were  used  i n  a l l  e x p e r i m e n t s .  
U s u a l l y ,  f o u r  d e t e c t o r s  were  i n  a fo rw ard  q u a d r a n t  and t h e  r e m a in i n g  
f o u r  i n  t h e  a d j a c e n t  backward q u a d r a n t  so as  t o  p r e c l u d e  any s i m u l ­
t a n e o u s  d e t e c t i o n  o f  a l p h a  p a r t i c l e s  and a s s o c i a t e d  c a r b o n - r e c o i l  
n u c l e i ,  and i n  o r d e r  t o  c o v e r  a wide  r a n g e  o f  a n g l e s  i n  t h e  most 
p r a c t i c a l  way.
Each d e t e c t o r  was c o l l i m a t e d  by a r e c t a n g u l a r  s l i t  p l a c e d  
i m m e d i a t e l y  i n  f r o n t  o f  i t  ( s e e  f i g .  2 . 1 ) .  A l a r g e r  a n t i - s c a t t e r  a p e r ­
t u r e  was l o c a t e d  a t  4 . 2  cm b e f o r e  t h e  d e f i n i n g  s l i t .  The a n g u l a r  
a c c e p t a n c e  o f  t h e  d e t e c t o r s ,  i n  t h e  p l a n e  o f  o b s e r v a t i o n ,  r anged  from 
± 0 .1 5 °  f o r  t h e  most  fo rw ard  c o u n t e r s  t o  ± 0 . 6 °  f o r  t h e  more backward .
Permanen t  magnets  a t t a c h e d  t o  t h e  f r o n t  o f  t h e  c o u n t e r  b l o c k s  
p r o v i d e d  a  m a g n e t i c  f i e l d  s t r o n g  enough t o  r e d u c e  t h e  c o u n t i n g  r a t e  
r e s u l t i n g  from e l e c t r o n s  e m i t t e d  from t h e  t a r g e t ,  bu t  weak enough t o  
have  no s i g n i f i c a n t  e f f e c t  on t h e  d e t e c t e d  a l p h a  p a r t i c l e s .
2 . 1 . 4  T a r g e t s
The t a r g e t s  u sed  were t h i n  (~ 20 pgm/cm2 ) s e l f - s u p p o r t i n g  
n a t u r a l  c a r b o n  f o i l s .  I n  o r d e r  t o  check  t h e  a n g u l a r  a c c u r a c y  and t h e  
s o l i d  a n g l e s  s u b te n d e d  by t h e  d e f i n i n g  s l i t s ,  a v e r y  t h i n  l a y e r  o f  go ld  
(~ 4 M-gm/cm2 ) was e v a p o r a t e d  o n to  s e v e r a l  o f  t h e  t a r g e t s .  Throughout  
t h e  m easu rem en ts  t h e r e  was no e v i d e n c e  o f  d i s t o r t i o n  o f  t h e  t a r g e t s  o r  
o f  s i g n i f i c a n t  c a r b o n  b u i l d u p .
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2.1.5 Electronics
The eight counters used were silicon surface-barrier 
detectors of 50 mm2 area and of 500 ohm-cm resistivity.
Output pulses from the detectors were fed to charge-sensitive 
preamplifiers (ORTEC 109A) and linear amplifiers (ORTEC 410) operated 
in the double-delay-line pulse-shaping mode. The amplified signals 
were fed, via biased amplifiers (ORTEC 408), to a sum amplifier and a 
routing box. Sum pulses and routing signals were directed to two 
INTERTECHNIQUE ADC's interfaced to an IBM 1800 computer which was used 
as a dual-parameter (8 X 512 ch.) pulse-height analyzer (see fig. 2.2).
2.2 EXPERIMENTAL PROCEDURE 
2.2.1 Data collection
The excitation functions were recorded at laboratory angles 
ranging from 20° to 167°, bombarding energies varying between 8.5 and 
10.7 MeV. Four sets of measurements, corresponding to different con­
figurations of the eight detectors, were made. The excitation 
functions common to each configuration allowed for the relative normal­
ization of the data and were used as a means of checking the 
reproducibility.
Also, excitation functions were collected at laboratory 
angles corresponding to zeros of Legendre polynomials P (0 ),
io Coin*
£ = 0 ... 6. These data were measured because, as the differential
12cross section (equation (2.1)) for the C(a,aQ) reaction shows, scat­
tering anomalies due to partial wave or order £, corresponding to a
£resonant state of J = £ and parity (-1) , are not observed at the 
centre-of-mass angle at which P (0) = 0.
Xj
ADC 2
detector
preampl
biased 
ampl •
IBM 1800
linear 
ampl«
sum ampl routing box
Fig. 2.2: Block diagram of the electronic setup used in the elastic
and inelastic scattering experiments.
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2.2.2 Spectra analysis
The clq  group was usually well defined and separated from 
other groups. However, at laboratory angles forward of 35° some degree 
of overlap with contaminant groups of elastically scattered alphas 
(especially from oxygen) occurred (see fig. 2.3).
A preliminary analysis of the spectra was made during 
acquisition, using an on-line method [Op 70a] which involved simple 
integration. Later, the on-line results were checked and supplemented 
by a sequential analysis of all of the data by use of the spectra 
analysis program INCRED (see subsection 3.1.3). Cases of overlapping 
of the aQ group with the oxygen contaminant were analyzed by a linear 
least-squares technique assuming that the detector responses were 
gaussian.
The extracted yields were corrected for ADC dead-time losses 
(usually less than 3%), and converted to centre-of-mass yields in the 
usual way. The estimated average statistical error was less than 2^>, 
except in regions corresponding to minima of the angular distributions 
of the reaction, where it could be as large as 2 0$>.
2.2.3 Absolute cross sections
The absolute normalization of the excitation functions was 
made by reference to the absolute cross-section measurements of Morris 
et. al. [Mo 68]. Comparison was made of centre-of-mass yields at 
angles common to both series of measurements, for a bombarding energy 
of 8.5 MeV. The present absolute cross sections have an estimated 
error of ± 5°j0>
Subsequently, comparisons were made with the results of 
similar measurements performed by Carter et al. [Ca 64], Marvin and
16
Singh [Ma 72], and Ramirez and Bernstein [Ra 71]. Taking into account 
the quoted errors of ~11 to 1 8^ 0 [Ca 64], and ~ 15°]0 [Ma 72], agreement 
with the former two works is satisfactory. The latter measurements 
[Ra 71], with a reported error of 6^ >> are in very good agreement with 
the present results; at common angles, for helVeeM 10.0 and 10.3 MeV, 
for which the yield is relatively insensitive to angle, the cross 
sections differ by less than 3$.
2.3 EXPERIMENTAL RESULTS
The excitation functions (fig. 2.4) exhibit two narrow and
well-defined, anomalies at E = 8.96 and 10.20 MeV. These features have' a
already been reported by Ferguson and McCallum [Fe 61] and Carter et al. 
[Ca 64] (see subsection 1.2.1 and table 1.3).
As the anomaly at E =8.96 MeV is present at all anglesa
except those corresponding to zeros of Legendre polynomial P^(cos0) 
(laboratory angles corresponding to zeros of P^  are: 23.05°, 54.39°,
90.39°, and 136.06°), a 4^ assignment to the corresponding ^ 0  state at 
13.88 MeV is likely. Similarly, a 6+ state at 14.81 MeV can be
associated with the anomaly at E = 10.20 MeV, on the basis of thea
behaviour of the excitation functions near and at angles corresponding
to zeros of P,(cos0) (see fig. 2.5). This result rules out the 6
previous assignment of (0+, 1 ) suggested for this level (see subsection
1.2.1). Also, an anomaly near E =9.15 MeV, which was present at alla
“4“angles, can be associated with a 0 state.
The excitation function obtained at 0 = 90° (i.e.c. m.
0, , = 71.55°), where all odd Legendre polynomials are zero, shows alab
broad anomaly centred near E =9.7 MeV, in addition to the anomaliesa
at E = 8.96 and 10.20 MeV. Due to its presence at 0 = 90°, thisa c.m.
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broad anomaly is due to one or several even parity levels» No further 
indication of the level spin(s) can be gained from inspection of the 
anomaly behaviour at other angles (see fig. 2.6). It would seem, 
therefore, that the level structure between bombarding energies of 9.1 
and 10.1 MeV is relatively involved. Similar evidence for this com­
plexity is found in the results of the (a,a') and (a,a'7) measurements 
(see Chapters 3 and 4).
In order to complete this qualitative appraisal it is 
necessary to evaluate the relative importance of all the possible 
reaction processes. In the range of bombarding energies being con­
sidered the (a,aQ), (a,a'), and (a,p ) processes are energetically 
possible. It was found in the present work that the (a,p ) process
contributes only a small fraction of the total cross section. Only one
12resonance was found in the C(a,p ) reaction, at E =10.35 MeVo a
I fa
(14.92 MeV in 0). This finding agrees with the results of Carter et 
al. [Ca 64] and Bashkin et al. [Ba 57, Ba 59] (see table 1.3). Con­
sequently, only two reaction channels (elastic and inelastic scattering) 
were considered in the quantitative analysis described hereafter.
2.4 ANALYSIS INSTRUMENTS AND METHOD 
2.4.1 Cross section expression
The differential cross section in the centre-of-mass system 
(dcr/dü)^  ^ is given by equation (A.2) of Appendix A as
( _Lk2 A^ + 2 %-> (2i + 1) 2p^(cose) ,
(2 .1)
where A is the Rutherford scattering amplitude. The matrix U, or R
collision matrix, relates the scattered wave to the incoming wave.
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The elements of the matrix U may be written
U£
2i(7ß + t>^)
e (2.2)
where 7, is the nuclear phase shift. When only elastic scattering is 
possible, U is diagonal and 7 is real. If inelastic processes are
X
also possible, U has non-zero off-diagonal elements, and 7 is complex,
X
The real part of 7 corresponds to the elastic process, the imaginary
Si
part to the non-elastic processes.
Writing
7i Ai + 1£i ’
and
-2e
Ai ■ e
with A  and e both real, the expression for U becomes
X X  X
21i7
U = e A e
£ £
(2.3)
where A (also real) appears as a damping parameter measuring the
Xj
absorption of the incoming partial wave of angular momentum Z into
non-elastic channels, with values 0 A <  1.X **
The expression for the scattering cross section given in 
equation (2.1) reduces to
der
dft k2c. m. V  2
00 2io)
Z  (2Z +1) e
^=0
2iA.
1 - A P^(cosö)
(2.4)
This general expression is independent of the nature of the scattering 
process. The use of the one-level many-channel theory of nuclear 
reactions in order to give the real phase shifts A  and the absorption 
coefficients A an explicit form is the subject of the following
X
subsection.
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2.4.2 One-level approximation
Defining the absorption parameter
a
£
where T and T are the elastic partial width and total width,
0/0 Ju
respectively, of the level formed with angular momentum £ at the 
resonance energy E = E (it follows that 0 < a. y < 1), the diagonalr Ju Xj
elements of the matrix U may be written [Mi 62]
U
£
2i(“e ' Ve (2.5)
where is the resonant phase shift, as defined by equation (A.7). 
Writing
-cD „ + A
and equating equations (2.3) and (2.5), the following expressions for 
A° and A^ are obtained:
and
2 arc tg — al sin2ßiV + C0S2^ ’ (2.6)
Ai = ai + 2ai(1 ' V  cos2pe + 0 - a? 2 ■ (2'7)
It has to be pointed out that whereas the variation of the 
phase shift A° is the same as the "conventional" variation of the
Ju
oresonant phase shift ß , i.e. an increase through an interval of 180 ,
Ju
passing through 90° at the resonant energy, for a, > 0.5, the variation
Xj
for a„ <0.5 is "unconventional" in that A° passes through 0° at the
Ju Ju
resonant energy instead of 90° [Du 67, Mo 68].
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A l though  t h e r e  i s  a d i s c o n t i n u i t y  a t  90°,  when E = E „ and
r  Ü
a  ^ = 0 . 5 ,  t h e r e  i s  no p h y s i c a l  p rob lem s i n c e  t h e  a b s o r p t i o n  c o e f f i c i e n t  
A i s  t h e n  e q u a l  t o  z e r o .
By r e p l a c i n g  3^ in  e q u a t i o n  ( 2 . 7 )  by i t s  e x p r e s s i o n  i n  te rm s  
o f  E^_,, and : 3^ = t a n  ^ ( r  / 2 ( E ^  - E)) , wh ich  i s  d e r i v e d  from
e q u a t i o n  ( A . 7 ) ,  one can show t h a t  A2 h a s  a W ig n e r -E i s e n b u d  form
Ju
r2
A!  = 1 ai (1 “ as) (E - e ) 2 + ( r  / 2 ) 2 • ( 2 *8^r z  z
2 . 4 . 3  Method o f  a n a l y s i s
F o l lo w in g  t h e  e x p e r i e n c e  g a in e d  i n  a p r e v i o u s  s t u d y  o f  
e l a s t i c  s c a t t e r i n g  a t  lower e n e r g i e s  [Mo 6 8 ] ,  a p h a s e - s h i f t  and s i n g l e -  
l e v e l  m u l t i - c h a n n e l  a n a l y s i s  o f  t h e  d a t a  was pe r fo rm e d .  In  p r a c t i c e ,  
t h e  e x c i t a t i o n  f u n c t i o n s  were f i t t e d  w i t h  an e x p r e s s i o n  o f  t h e  d i f f e r e n ­
t i a l  c r o s s  s e c t i o n  ( s e e  e q u a t i o n  ( 2 . 4 ) )  where  t h e  phase  s h i f t s  A andz
a b s o r p t i o n  c o e f f i c i e n t s  A were  d e f i n e d  i n  t e rm s  o f  l e v e l  p a r a m e t e r sz
( s e e  p r e v i o u s  s u b s e c t i o n ) .
S i m u l ta n e o u s  f i t t i n g  o f  14 e x c i t a t i o n  f u n c t i o n s ,  i n v o l v i n g  up 
t o  20 p a r a m e t e r s ,  was c a r r i e d  o u t ,  t h e  o p t i m i z a t i o n  o f  t h e  p a r a m e t e r  
v a l u e s  b e in g  t a k e n  c a r e  o f  by a n o n - l i n e a r  l e a s t - s q u a r e s  f i t t i n g  s u b ­
r o u t i n e ,  FITTEM [Ha 68 ] .  F i t t i n g  was done f o r  s m a l l  e n e rg y  r e g i o n s ,  
r a n g i n g  from 0 .3  to  1 .0  MeV, t h e  c o n t i n u i t y  o f  t h e  ph a s es  and c r o s s  
s e c t i o n s  a c r o s s  t h e  r e g i o n  b o u n d a r i e s  p r o v i d i n g  a c o n s i s t e n c y  check  o f  
t h e  r e s u l t s .  I n i t i a l  v a l u e s  o f  t h e  p a r a m e t e r s  were t a k e n  a t
E = 8 . 5  MeV from t h e  e a r l i e r  r e s u l t s  o f  M o r r i s  e t  a l .  [Mo 68] ,a
I t  was assumed i n i t i a l l y  t h a t ,  i n  each r e g i o n  examined ,  o n l y  
ITone l e v e l  o f  a g iv e n  J  was p r e s e n t .  I n  o r d e r  t o  i n c l u d e ,  i n  each
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i n d i v i d u a l  A , t h e  h a r d - s p h e r e  phas e  s h i f t  <b as  w e l l  as  t h e  c o n t r i b u -
X  X
t i o n  due t o  a l e v e l  w<Ik *pln s i t u a t e d  o u t s i d e  t h e  r e g i o n ,  A was
g i v e n  t h e  form
V E) - Bi +ci (E - V +A° > <2-9>
wher e i s  t h e  lower  e n e r g y  l i m i t  o f  t h e  r e g i o n  f i t t e d ,  E i s  t h e  bom­
b a r d in g  e n e r g y ,  B and C a r e  t h e  "background" p a r a m e t e r s ,  and A° i s
Xj  X  Xj
g i v e n  by e q u a t i o n  ( 2 . 6 ) .
Each phas e  s h i f t  A i s  t h en  a f u n c t i o n  o f  as  many as  5 para -
Xj
m e t e r s ,  namely B , C , t h e  a b s o r p t i o n  parameter  a , t h e  t o t a l  w i d t h  T ,
Xj  Xj X  X
and t h e  r e s o n a n c e  en er g y  E o f  l e v e l  J = i  i f  such a l e v e l  i s  p r e s e n tr x
i n  t h a t  p a r t i c u l a r  r e g i o n .  As u s u a l ,  t h e  dependence  o f  T on
X
bombarding en e r g y  and t h e  l e v e l  s h i f t  were i g n o r e d .
At v a r i o u s  s t a g e s  o f  t h i s  a n a l y s i s  a ch ec k  was made o f  t h e
"goodnes s"  o f  t h e  phase  s h i f t s  A ,  and param ete rs  A c a l c u l a t e d  from t h e
X  X
" b e s t "  parameter  v a l u e s .  S e v e r a l  a n g u la r  d i s t r i b u t i o n s  were  f i t t e d
w i t h  e x p r e s s i o n  ( 2 . 4 ) ,  t h e  c a l c u l a t e d  A and A b e i n g  used  as  t h e
X  X
s t a r t i n g  v a l u e s .  Such a p r o ce d u re  a l l o w e d  f o r  a l o c a l  o p t i m i z a t i o n  o f
A and A and c o n s e q u e n t l y  o f  t h e  p a ra m eters  used  i n  t h e  main a n a l y s i s .
X  X
In t h e  l a s t  s t a g e ,  a g l o b a l  o p t i m i z a t i o n  o f  t h e  f i t t i n g  p a r a ­
m e t e r s  was made by f i t t i n g  t h e  14 e x c i t a t i o n  f u n c t i o n s  o v e r  t h e  w h o le  
e n e r g y  r e g i o n .  Then,  an e x t r a  s e t  o f  p a ram ete rs  had t o  be a s s o c i a t e d  
w i t h  t h e  A^ phase  s h i f t  b e c a u s e  o f  t h e  p r e s e n c e  o f  two 4 + l e v e l s .
2 . 5  SPIN-PARITY ASSIGNMENTS
The i n f o r m a t i o n  a v a i l a b l e  a t  t h e  b e g i n n i n g  o f  t h e  q u a n t i t a t i v e  
a n a l y s i s ,  p r o v i d e d  by t h e  q u a l i t a t i v e  a p p r a i s a l  o f  t h e  (a,ao) and (a,a') 
d a t a ,  was as  f o l l o w s :
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(i) strong evidence for two narrow levels: a 4+ at = 8.96 MeV
“f"and a 6 at E =10.20 MeV;a
(ii) suggestion of a 0+ level near E =9.15 MeV;a
(iii) possibility of an even-parity level near E =9.7 MeV, morea
likely to be a 0~*~ or a 4+ than a 2+ (a 2+ state is unlikely
12because no such level has been observed through the C(a,yQ)
and ^ N ( p,7 ) reactions); o
(iv) possible negative-parity level(s) near E = 9.00 and 10.0 MeV,a
as suggested by the (a,a1) study.
The fitting of the excitation functions confirmed clearly and 
easily the existence of the above 0+ (14.0 MeV), 4+ (13.8 MeV), and 6 
(14.8 MeV) states, and soon allowed a precise determination of the cor­
responding parameters. It was only after a long series of trials that
evidence for the other levels, a 3 level near E = 9.4 MeV, a 4+ statea
near E = 9.9 MeV, and a 5 nearf.^ 10.0 MeV, was gained,a ^
The 4+ and 5 levels, revealed by this analysis, are very 
close together and have comparable widths; this plus the fact that the 
zeros of P^ and fall close together explain why it was not possible
to gain direct evidence for these levels through a simple inspection of 
the excitation functions. A first, and indirect, confirmation of these 
assignments is given by Ramirez and Bernstein [Ra 71] through their 
study of elastic scattering. They were able to establish the existence 
of the narrow 6+ level but not of these two wide levels, the range of
energy studied being too small (E between 10.00 and 10.30 MeV). Thea
results of their phase-shift analysis give values of phase shifts A
Xj
and absorption coefficients A in good agreement with the present
Ju
values (see fig. 2.7). Another, and direct, confirmation is given by 
Marvin and Singh [Ma. 72] who obtained similar level parameters for
these states.
Fig. 2.7: Phase shifts A and absorption coefficients A calculated
Ju Xj
from the parameters given in table 2.1. The results of Ramirez and 
Bernstein [Ra 71] have been included for comparison.
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The resulting assignments are as follows: 4"*" to the 13.88
MeV level, 0+ to a 14.03 MeV level, 3 to a 14.22 MeV level, 4**" to a 
14.63 MeV level, 5 to a 14.67 MeV level, and 6+ to the 14.81 MeV 
level. The fitting parameters which gave the "best" fits to the set of 
14 excitation functions are listed in table 2.1. The real phase shifts 
A and absorption coefficients A 0 calculated from the parameters are
X/ iu
shown in fig. 2.7.
Table 2.1
Level parameters obtained from the best fits 
to the excitation functions
£ Bi
(deg.)
E.l
ci
(deg.)
=8.5 MeV 
r £ dab)
(MeV)
E (lab)
r£
(MeV)
0 -55.068 9.561 0.151 9.164 1.000
1 106.434 -9.297
2 -40.733 17.000
3 121.370 12.693 1.187 9.414 0.219
4 -8.518 6.388 0. 098 8.966 0.654
0.549 9.964 0.798
5 -10.050 13.536 0.972 10.019 1.000
6 3.318 2.778 0.108 10.200 0.380
The solid curves which, in fig. 2.4, run over the whole range 
of bombarding energies, represent the "best" fits. Partial fits (solid
lines also) to the regions between E =8.5 and 9.5 MeV (for alla
excitation functions), and near E = 10.2 MeV (for Q. , = 70°, 135°, 140°,a lab
and 145°), as well as two other fits (dashed lines, for 0. , = 70° andlab
167°) are the result of several attempts to optimize the fitting
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parameters for limited ranges of bombarding energies and/or for res­
tricted sets of excitation functions» It was found that only small 
deviations from the "best" values of the parameters allowed for the 
improvements which can be seen in fig. 2.4. A further demonstration of 
the validity of the parameters listed here is given in fig. 2.6 where 
excitation functions calculated for centre-of-mass angles at and near 
zeros of Legendre polynomials P^ , P^ , and P^ are compared to the
experimental data, and also in fig. 2.8 where angular distributions 
derived from the collected excitation functions are compared to the 
theoretically calculated distributions.
As is shown in Chapter 5, all the present assignments a m  
cot?film» d by the results of the inelastic scattering experiment 
and/or of other studies.
The maximum of information relating to the levels which it is
possible to gain from the present study was reached when partial (p )a
and reduced (y2) widths were calculated from the total width T and thea
absorption parameter a through the relations
(1 - a)T ;
T /2P ,a ao o
r ,/2P , ;a a
P^ being the penetration factor (see Appendix A). Only the elastic
(a ) and inelastic (a1) channels were considered; the reaction 
o
12C(a,p ) having a small cross section (see section 2.3), the corres- o
ponding channel was neglected. A channel radius of 5.42 fm 
1 A(= 1.40 X (A^ + A|)j was assumed, and the angular momentum i' in the 
inelastic channel was taken as i1 = J - 2, the lowest possible (the
reason for this choice is given in subsection 3.3.1). The final level 
parameters are listed in table 2.2.
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CHAPTER 3
INELASTIC ALPHA SCATTERING (1): ALPHA PARTICLES
Studies of the inelastic scattering reaction, which provide
information supplementing that gained from the elastic-scattering
measurements, may be approached in two ways» One can observe either
the inelastically-scattered alpha particles or the gamma rays emitted
as a result of the de-excitation of the excited carbon-recoil nuclei.
The measurements and analysis of the angular distributions of
inelastic alpha particles associated with the first excited state of 
12 +C (2 at 4.433 MeV) are described in this chapter. The analysis was 
performed in terms of the R-matrix theory of nuclear reactions, using
7j~the one-level two-channel approximation for each J . A schematic rep-
12 1 2 »resentation of the C(a,a') C* reaction is given in fig. 3.1.
3.1 EXPERIMENTAL METHOD
The experimental apparatus used was the same as that des-
*cribed in section 2.1 for the elastic-scattering measurements. Only 
the features of the data-handling method appropriate to the present 
study are described in this section.
3.1.1 Data collection
Excitation functions were measured simultaneously at eight 
angles for each of four different detector configurations. Only data 
obtained at twenty angles were used, the remaining excitation functions
*
The targets used differed only in thickness which averaged 
50 M-gm/cm2.
formation
channel
intermediate
nucleus
decay
channel
Fig. 3.1: Schematic reaction diagram illustrating the notation
employed in the text for quantum numbers.
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e n a b l i n g  r e l a t i v e  n o r m a l i z a t i o n  and c o n s i s t e n c y  c he cks .  F i f t e e n  
a n g u l a r  d i s t r i b u t i o n s  were d e r i v e d  from t h e s e  r e s u l t s ,  bombard ing  
e n e r g i e s  r a n g i n g  from 8 .3  t o  10.42 MeV.
3 . 1 . 2  D a ta  r e d u c t i o n
The lo w - e n e r g y  r e g i o n  o f  t h e  c h a r g e d - p a r t i c l e  s p e c t r a ,  c o n ­
t a i n i n g  t h e  a 1 g roup ,  was more d i f f i c u l t  to  a n a l y s e  t h a n  t h e  h i g h -  
en e rg y  r e g i o n  i n v o l v i n g  t h e  a Q g roup .  Con taminan t  g roups  were i n t e n s e ,  
e s p e c i a l l y  a t  fo rw ard  a n g l e s .  These  g roups  i n c l u d e d  t h e  c a r b o n - r e c o i l  
group  from e l a s t i c  s c a t t e r i n g  and t h e  p r o t o n - r e c o i l  g roup  from t h e
e l a s t i c  s c a t t e r i n g  o f  a l p h a s  by t h e  hyd rogen  c o n t a i n e d  i n  t h e  t a r g e t .
12
A ls o ,  t h e  p r o t o n  group  from t h e  C ( a ,p  ) r e a c t i o n  was p r e s e n t  a t  a l lo
a n g l e s ,  though  weak ly .
At fo rw ard  a n g l e s ,  t h e  a '  g roup  u s u a l l y  o v e r l a p p e d  w i t h  one 
o f  t h e s e  c o n ta m in a n t  g r o u p s .  A c c o r d i n g l y ,  t h e  y i e l d  Y was d e t e r m i n e d  
from t h e  s p e c t r a  by t h e  s o l e  u se  o f  t h e  l e a s t - s q u a r e s  a n a l y s i s  program 
INCRED, d e s c r i b e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n .  T h re e  t y p i c a l  s p e c t r a ,  
which f e a t u r e  t h e  a '  peak ,  a r e  shown i n  f i g .  3 . 2 .
The y i e l d  Y was c o r r e c t e d  f o r  d e a d - t i m e  l o s s e s  and t r a n s ­
formed t o  c e n t r e - o f - m a s s  y i e l d  i n  t h e  u s u a l  way. S t a t i s t i c a l  e r r o r s  
were l e s s  t h a n  3%, t h e  main s o u r c e  o f  e r r o r  i n  d e t e r m i n i n g  t h e  
i n e l a s t i c  y i e l d  a r o s e  from s y s t e m a t i c  e r r o r s  i n  t h e  background  c o r r e c ­
t i o n s  f o r  u n d e r l y i n g  g ro u p s  and a s s u m p t io n s  r e l a t i n g  t o  t h e  d e t e c t o r  
r e s p o n s e  f u n c t i o n .  I t  i s  c o n s i d e r e d  t h a t  t h e  e r r o r s  a r e  b e s t  e s t i m a t e d  
from t h e  s p r e a d  o f  v a l u e s  o b t a i n e d  f o r  t h e  r e p e a t e d  p o i n t s .  The 
a v e r a g e  v a r i a t i o n  found by t h i s  method i s  5°]o.
The a b s o l u t e  c r o s s  s e c t i o n s  were  o b t a i n e d  by r e f e r e n c e  t o  t h e  
e l a s t i c - s c a t t e r i n g  d a t a .  Comparisons o f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n
28
at various angles, for values of E between 9.7 and 10.4 MeV, with thea
results of Mitchell et al. [Mi 64a] show a reasonable agreement, taking 
into account their quoted error of ~ 13^0»
The angular distributions, shown in fig. 3.3, were least- 
squares fitted with a Legendre polynomial expansion such that
der
dft
max
c. m<
Z A (E ) P (cos0) , 
L=0 L a L
(3.1)
where Q is the centre-of-mass angle. While an L value of 6 was suf-max
ficient to fit distributions up to E = 9 . 0  MeV, a value of 8 gavea
significantly improved fits to many of the distributions at higher
energy. For consistency, all angular distributions above E = 9  MeVa
were fitted with L ^ = 8. The corresponding Legendre polynomial coef­
ficients AL(E ) are shown in fig. 3.4; the normalized coefficients
a = A /A are listed in table 3.1, along with the total cross section L L 0
4ttA , and shown in fig. 3.5. The errors given for the a coefficients 0 L
are the "external" errors, which reflect the quality of the fits. They 
were the upper limits of the errors associated with the coefficients, 
and they always exceeded the "internal" errors which include the 
statistical errors.
3.1.3 Spectra analysis program
The program INCRED [Op 69] was developed in order to analyse 
spectra of varying complexity by taking advantage of sequential 
acquisition, i.e. for measurements in which the detectors are held at 
fixed angles while the beam energy is increased. INCRED can operate on 
a large number of consecutive spectra, using the results of the 
analysis of a given spectrum to locate peaks in the following one. The 
information required to initialize the analysis is thus minimized.
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In the program, a gaussian response is assumed for the semi­
conductor detectors used, and the program associates a gaussian with 
each component in a group of overlapping peaks, using a linear least- 
squares fitting method to extract the component intensities. INCRED 
can deal with three different cases
(i) singlet case: the peak of interest is isolated and a simple
integration is required;
(ii) multiplet case: as many as four partially resolved peaks over­
lap, and a simple integration of the peak of interest is not 
possible;
(iii) doublet case: the peak of interest overlaps with another, and
is unresolved.
In all three cases, illustrated in fig. 3.2, backgrounds of various 
specified functional forms could be fitted and subtracted.
All reaction parameters, including dimensions of the defining 
slits, dead-time correction and normalization factors,were incorporated 
in the input so that corrected and normalized yields, expressed in both 
the laboratory and centre-of-mass systems, were computed directly from 
the experimental yields determined.
3.2 EXPERIMENTAL RESULTS
12The total cross section for the C(a,a*) reaction, rep­
resented by Aq in fig. 3.4 and tabulated as 4ttA q in table 3.1, displays
three well-defined anomalies, viz. two narrow resonances at E = 8.94a
and 10.18 MeV (respectively ~ 120 and ~ 60 keV wide), and a broad
anomaly at E =10.0 MeV. These features are in accord with thea
12results from the previous studies of the C(a,a') reaction [Fe 61,
12Mi 64a] and of the C(a,a'7) reaction [La 64, Mi 64a] (see subsection
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1.2.1 and table 1.3). The angular distributions (fig. 3.3) show a 
marked dependence on bombarding energy, and strong interference effects
are apparent above E =9.2 MeV.a
A preliminary analysis of the data, which follows, was made 
by comparing the coefficients a to their theoretical counterparts.J L
The theoretical coefficients were calculated for single and interfering 
1 6levels in 0, as described in the next section; the single-level 
coefficients are listed in table 3.2.
Table 3.2
Single-level normalized angular distribution coefficients 
calculated for the lowest allowed £' value
0.200
0.800
1.020 0.590
0.828 0.4041.111
0.3111.157 0.961 0.661
The values of even Legendre polynomial coefficients a^ and a^
near E 9.00 MeV are
for E =a 8.94 MeV: a 2 = 0.88, 4>
II 0.44,
for E =a 9.00 MeV: a 2 = 1.17, ,a4 0.62,
for E =a 9.06 MeV: a 2 = 1.06, a4 = 0.38.
They are compatible with the calculated values for a 4~^  level of
1.020 , 0.590 .
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This result suggests the presence of a 4 level close to E = 9.00 MeV.a
The relative intensities and the change of sign of a^  and a^ in the 
vicinity of the resonance suggest a broad negative parity background 
which could be associated with either a 3 or a 5 level.
7r +In an identical fashion, a level with J = 6  can account for
the even polynomial coefficients near E =10.18 MeV. Indeed, at thata
energy the experimental results are:
a0 = 1.28 , a. = 0.88 , a = 0.76 , aQ = 0.29 ,2 9- 6 o
as compared to the calculated coefficients of
a0 = 1.157 , a, = 0.961 , a, = 0.661 , a. = 0.311 .2 4 6 8
The behaviour of all odd polynomial coefficients indicates strong 
interference between that level and a neighbouring negative parity 
level.
The broad resonance at E =10.0 MeV cannot readily bea
1 6associated with a particular level of 0. It has to be noted that the
anomaly is much less obvious in the A0, A., and k. terms as compared to2 4 6
the total cross section, suggesting a low (< 3) spin level.
The results of this qualitative appraisal of the experimental 
data, along with the results gained from the elastic alpha scattering 
study, were used as guidelines for the R-matrix analysis described 
hereafter.
3.3 R-MATRIX ANALYSIS
3.3.1 Cross section expression
The inelastic scattering differential cross section, given by 
equations (A.3) and (A.4) and adapted to the present case (the entry 
channel (asi) becomes (a^), and o-indexed quantities refer to it; the 
exit channel (a's'i1) becomes (a1), and primed quantities are related
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to it), is
where
der
da c o m.
L  B (a",a ) P,(cos0) ,L L o L (3.2)
B (a1,a ) L o
k ~2ao, Z  Z(i.J.i.J.,OL) Z ( i J . i J  ., 2L)
4 j .j .j '.j '. 1 1 J J 1 1 J Jt J i J
J. \*
U ?a ,ao
X R.P. 4 U ,a ,a (3.3)
R.P. stands for "real part" of the bracket, and the quantum numbers
used are illustrated in fig. 3.1.
The combination of matrix elements U^. in equation (3.3)a ,aQ
can be written (see equation (A.13)) as
R. P. a , a a' , a
i 44 cos(!° + - S3 - Pl - ßj) r f  4  r*« r!
(Ei +  \  -E)2 + 5 r?!1 f(E. +  A. - E)2 +  A f2
(3.4)
All quantities have been made explicit in Appendix A.
1 6For a level in 0 of given J value the exit angular momentum
l x is such that |J - 2 | <  £,' <  |J +  2 |, the highest penetration factor
•k
being associated to the lowest £' value ; it was then assumed that the
lowest possible orbital angular momentum was the main contributor to
the reaction, and the summation over £! . i n  equation (3.3) was
1 5 J
eliminated. The resonance energy E and the reduced widths y°2 and
I 27. for level i can be introduced in equation (3.4) by use of the
For E = 8 . 9 6  MeV, Py/Pn = 0.0393, and for E = 1 0 . 1 8  MeV, a 4 z a
P./P, = 0.0158.6 4
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relations (A.9) and (A.10). The dependence of on energy, which is 
generally small, was ignored.
The final expression for the quantities Bp is then
B = 4k;2 £  Z(J J J J ,0L) Z(i-J JJJ 2 D
o J. J . J J
1 J
X
X
o-a. c°s(i° + |I_ - Ij - Ij + - 3j)
p° P! 1 1 p° p'. J J
(Eri - E)2 + i r? j (Er . - E)2 + i r?
where the quantity cu is defined as 7° 7!^ .
(3.5)
3.3.2 Method of analysis
The analysis of the experimental results in terms of the
level parameters J., i., £!, E ., T., and a. > was carried out by fit- x x x n  x x
ting the curves A (E ) (fig. 3.4) with the theoretical counterparts to
■L» (X
Ap, Bp, given by equation (3.5). Here too, the non-linear least- 
squares fitting subroutine FITTEM [Ha 68] was the main instrument for 
the search.
The data were first divided into two distinct regions, cor­
responding to E^ between 8.60 and 9.20 MeV and between 9.60 and 10.26 
MeV. For each bombarding-energy region several levels or combinations 
of levels were tried, starting values for their parameters being taken 
from either the (a,aQ) results, the previous qualitative analysis 
(section 3.2), or previous assignments (see table 1.3). Then, the 
regions were extended, and the broad levels tentatively assigned in one 
region were taken into account in the other. Finally, analysis was 
made over the whole range of bombarding energies, i.e. from E = 8.3 to
35
10 .42  MeV, u s i n g  t h e  b e s t  r e s u l t s  f rom t h e  f i r s t  two s t a g e s .  A c h a n n e l
i  i
r a d i u s  a = 1 .40  ( +  A|)  = 5 .42  fm was u se d ,  which i m p l i e d  a Wigner-
l i m i t  o f  0 .7 1 0  MeV f o r  t h e  r e d u c e d  w i d t h s  y?2 and y^2 .
Thus,  t h e  " f i t t i n g  p a r a m e t e r s "  were  E I \ ,  and cu f o r  a
g i v e n  J  , and g i v e n  £ and £ \ . From t h e  q u a n t i t i e s  a  and T , o b t a i n e d  
i  i  l  l i
f rom t h e  " b e s t "  f i t s ,  p a r t i a l  w i d t h s  and r e d u c e d  w i d t h s  were e x t r a c t e d  
u s i n g  t h e  r e l a t i o n s
r + r: ,i  i
■ 2P°(r°)£ ,
r i = 2ph 4 ) 2 >
h  7i
Of t h e  two s e t s  o f  s o l u t i o n s  p o s s i b l e ,  t h e  one g i v i n g  v a l u e s  o f  T and
T |  i n  ag reem en t  w i t h  t h e  p a r a l l e l  s t u d i e s  o f  t h e  c o r r e s p o n d i n g  l e v e l
12was chosen .  Here t o o ,  t h e  C ( a , p  ) r e a c t i o n  was no t  t a k e n  i n t oo
a c c o u n t  b e c a u s e  o f  i t s  s m a l l  c r o s s  s e c t i o n  ( s e e  s e c t i o n  2 . 3 ) .
3 . 4  LEVEL PARAMETERS
At t h e  b e g i n n i n g  o f  t h e  q u a n t i t a t i v e  a n a l y s i s ,  t h e  s u g g e s t e d  
-f" -f"
l e v e l s  were t h e  4 s t a t e  n e a r  E = 9 . 0  MeV, t h e  6 l e v e l  n e a r
a
E^ = 10 .18  MeV, and t h e  n e g a t i v e - p a r i t y  l e v e l ( s )  which t h e  p r e v i o u s  
s t a t e s  a r e  supposed  t o  i n t e r f e r e  w i t h .  The f i t t i n g  p r o c e d u r e  c o n f i rm e d  
im m e d i a te l y  t h e  e x i s t e n c e  o f  t h e  4+ and 6+ s t a t e s ,  and showed t h a t  each 
o f  t h e s e  l e v e l s  had  t o  i n t e r f e r e  w i t h  a n e a r b y  n e g a t i v e - p a r i t y  l e v e l .
These  l e v e l s  were found t o  be a 3 l e v e l  n e a r  E = 9 .2  MeV, and a 5
a
l e v e l  n e a r  E = 1 0 . 0  MeV. The a n a l y s i s  o f  t h e  e l a s t i c  s c a t t e r i n g  d a t a
a
s u g g e s t e d  t h a t  a 4+ l e v e l  be i n c l u d e d  n e a r  E = 1 0 . 0  MeV, and t h e
36
presence of such a state was found essential for reasonable fits. The
0+ level observed in the (a,a ) experiment did not appear necessaryo
here.
The assignments are as follows: 4+ (13.88 MeV), 3 (14.10
MeV), 4+ (14.63 MeV), 5~ (14.64 MeV), and 6+ (14.80 MeV). All these 
results are consistent with those gained from the (a,a'7) experiments 
(see Chapter 4), and they agree with those of the (a,aQ) study and 
other works as is shown in Chapter 5. The "best" fitting parameters, 
and other associated quantities (partial and reduced widths, and ratio 
of the reduced widths to the Wigner-limit) are listed in table 3.3.
The "best" fits are shown in fig. 3.4.
37
CO
CO
0>
*o
trJ
H
38
CHAPTER 4
INELASTIC ALPHA SCATTERING ( 2 ) :  GAMMA RAYS
The s tu d y  o f  t h e  gamma r a y s  e m i t t e d  d u r i n g  t h e  d e - e x c i t a t i o n
12o f  e x c i t e d  s t a t e s  o f  C i n v o l v e s  t h e  measurement  o f  a t r i p l e  a n g u l a r  
c o r r e l a t i o n .  Such, a measurement  can be c a r r i e d  ou t  w i t h  o r  w i t h o u t  t h e  
o b s e r v a t i o n  o f  t h e  i n t e r m e d i a t e  r a d i a t i o n ,  a ' . Through t h e  o b s e r v a t i o n  
o f  t h e  gamma r a y s  a l o n e  both  k i n d s  o f  measurements  have  been pe r fo rm ed ,  
and t h e i r  d e s c r i p t i o n  forms t h e  s u b j e c t  o f  t h i s  c h a p t e r .
Angu la r  d i s t r i b u t i o n s  o f  t h e  4 .4 3  MeV gamma r a y  were measured 
from E = 7 .9 5  t o  10 .35  MeV, t h e  i n t e r m e d i a t e  a l p h a  p a r t i c l e  b e in g  
u n o b s e rv e d .  A new method which  i s  t a n t a m o u n t  t o  o b s e r v i n g  t h e  
a s s o c i a t e d  a '  p a r t i c l e s  i n d i r e c t l y ,  namely t h e  D o p p l e r - b r o a d e n e d  
p r o f i l e s  method,  was used  i n  t h e  same r a n g e  o f  bombarding  e n e r g i e s .
Measurements  between  E = 7 . 9 5  and 8 .3  MeV , c o r r e s p o n d i n g  t o  a w e l l -a
known e x c i t a t i o n  r e g i o n  i n  ^0 ( s e e  [Aj 7 1 ] ) ,  were pe r fo rm ed  i n  o r d e r  
t o  p r o v i d e  r e f e r e n c e  p o i n t s  f o r  t h e  a n g u l a r  d i s t r i b u t i o n s  and as  a 
check  o f  t h e  p r o f i l e  method.
12 12A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  C ( a , a ' 7 )  C r e a c t i o n ,  
showing t h e  n o t a t i o n  employed i n  t h e  t e x t  f o r  quantum numbers ,  i s  g iv e n  
i n  f i g .  4 . 1 .
12The t h r e s h o l d  f o r  p o p u l a t i o n  o f  t h e  4 .43  MeV s t a t e  o f  C by 
i n e l a s t i c  a l p h a - p a r t i c l e  s c a t t e r i n g  i s  a bou t  5 .9  MeV, bu t  t h e  
Coulomb b a r r i e r  f o r  t h e  i n e l a s t i c a l l y ~ s c a t t e r e d  a l p h a  p a r t i c l e s  
p r e v e n t s  o b s e r v a t i o n  o f  a p p r e c i a b l e  gamma-ray y i e l d  u n t i l  E = 7 . 9  
MeV. a
intermediate
nucleus
decay
channel
formation
channel
Fig. 4.1: Nuclear reaction energy level diagram showing the notation
employed in the text for quantum numbers. The inset defines the angles.
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4.1 ANGULAR DISTRIBUTIONS
4.1.1 Experimental techniques
Measurement of the 4.43 MeV gamma rays angular distributions 
was carried out using three sodium iodide detectors, located at labor­
atory angles of 30.6°, 54.7°, and 90° (these angles correspond to zeros 
of Legendre polynomials P, , Ft,, and of all odd polynomials, respective­
ly). The detector dimensions are given in table 4.1. The target used 
12was enriched C (~ 100 pgm/cm2, deposited on gold backing) in order to
reduce the background due to 6.14, 6.9, and 7.1 MeV gamma rays from the 
13C(a,ny) reaction.
Pulses from the detectors were routed to linear amplifiers 
(ORTEC 410), operated in the double-delay-line mode, and thence to an 
IBM 1800 computer in the same fashion as for the alpha-scattering 
experiment (see subsection 2.1.5).
The angular distributions were expressed in terms of Legendre 
polynomials using the expansion:
kmax
W(e) = Z A (E ) P (cose) , (4.1)
k=0 K a K
where 0 is the angle of observation. The index k had only even values
since the intermediate a' particle was unobserved, and k = 4  becauser max
the 4.43 MeV gamma ray is a pure electric quadrupole radiation. The 
coefficients A^ were calculated from the three equations
Ci(£a) = fi^A0 + Q2i A2 P2(cOS0i) + Q4i A4 ?4(COS0i))i=1,2,3 ’
where C.(E ) is the yield for detector i at bombarding energy E , l a a
estimated by summing the counts between gamma-ray energies of about 3.0 
and 4.5 MeV; Q 7. and are the solid angle correction factors as
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defined by Rose [Ro 53]. The relative efficiency f was determined at 
E = 7.95 and 8.15 MeV by relating the C.(E ) values to the results of 
previous measurements at these energies [Mi 64b]. In this way, the 
detector geometries and absorption by the target backing and target 
chamber walls were accounted for. The statistical errors were very 
small (< ]<j0) . Taking into consideration the beam stability and current 
integrator accuracy (see subsection 2.1.1), and the previous correc­
tions, the errors in the A 's and in the normalized coefficients a
1j 1_i
should be smaller than the points which represent these coefficients in 
fig. 4.2.
Comparisons were made of the a^ and a^ coefficients with the 
results of Mitchell et al. [Mi 64a]; the agreement was good, taking 
into account their quoted error of 9°J0>
The dimensions of the three detectors used, along with the 
calculated correction factors, are given in table 4.1.
Table 4.1
Detector characteristics and solid angle correction factors 
Detector Dimensions (cm) Distance
diameter length
detector-target 
(cm)
CsJ
O
' <4
12.7 10.2 30 0.973 0.913
12.7 10.2 23 0.957 0.863
7.6 7.6 25 0.985 0.953
30 6° ^ a-BEAM
80  90  100 80 90  10 0
Ea —  MeV
Fig. 4.2: Legendre polynomial coefficients A^(E ), and normalized
12coefficients a^ = A^ /A^, extracted from the C(a,a'7) reaction gamma-
ray angular distributions. The results of Mitchell et al. [Mi 64a], 
denoted F.S.U. in the diagram, are included for comparison.
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4.1.2 Results and interpretation
1 2The total cross section for the C(a,a 7) reaction, rep­
resented by in fig. 4.2, shows well-resolved resonances at
E = 7.95, 8.15, 8.96, and 10.20 MeV, and a broad anomaly centred ata
E = 10.0 MeV. These features have already been recognized in earlier
gamma-ray studies [La 64, Mi 64a, Mi 64bl and also, above E =8.3 MeV,a
in the study of the inelastically-scattered alpha particles described 
in Chapter 3 (see also subsection 1.2.1 and table 1.3).
As opposed to the well-defined structure of A^ , the coef­
ficients a^  and a^ show little energy dependence, and no simple 
qualitative analysis can be made. The theoretical counterparts to the 
coefficients A of equation (4.1) were calculated for single levels and
K.
* 16for interfering levels of identical parity in 0 using the triple 
angular correlation formula given by Sharp et al. [Sh 54]. In the 
present case of the intermediate radiation being unobserved, this 
formula is written
Ak = (-l)p Z U p ^ j j . S j k )  W(j, j2j|j2’-ei2k) z^ 2 J2-e2j2’I2k) ’
(4.2)
with p = s^  + 1? - ^12 + ^2 " 2^ + 2^ + ^2* the cluantum numt>ers are 
illustrated in fig. 4.1. The normalized coefficients, a^ = A^/A^, are 
listed in table 4.2.
Over the range of bombarding energies examined, a^  varies
ITbetween 0.3 and 0.7, and a7 varies between -0.3 and -0.7. Only J 
values superior or equal to 3 can give such a result. It means that
ic Kraus et al. [Kr 56] have shown that, in a reaction such as 
^C(a,a'7), when the a 1 particles are not observed, the cross sec­
tion for the gamma rays consists of the incoherent addition of the 
contributions from the various possible decay orbital angular 
momenta, and of interference effects between levels of same parity.
Table 4.2
Normalized angular correlation coefficients for the 
4.43 MeV gamma ray angular distributions
single-level terms
0.500
0.143
-1 .7140.714
-0 .490-0 .153
0.571 -0.571
-0 .262 -0.571
-0 .3670.510
-0.601-0.301
0.476 -0 .286
-0 .320 -0 .615
0.454 -0 .242
-0 .623-0.331
interference terms
7T TT\
j  J '
J 1 ’ J 1 ^12 a2 a4
0 , 2 2 0.598 •
r ,  3~ 1 0.175 0.140
3 0.561 0.125
2+ , 4+ 2 0.274 0.913
3 ' ,  5~ 3 0.318 0.764
4 , 6 4 0.344 0.687
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1 6
t h e  c o n t r i b u t i n g  l e v e l s  o f  0 a r e  l i k e l y  t o  h a v e  h i g h  s p i n  v a l u e s
(> 3 ) .  The v a l u e s  o f  a n and a .  f o r  E = 8 . 9 6  MeV, 0 . 5 0  and - 0 . 3 2  r e s -
p e c t i v e l y ,  a r e  c o m p a t i b l e  w i t h  t h o s e  c a l c u l a t e d  f o r  a s i n g l e  4~* l e v e l ,
i . e .  0 . 5 1 0  and - 0 . 3 6 7 .  Near E = 1 0 . 2 0  MeV, t h e  v a l u e s  o f  a 0 and a . ,
a  2 4
0.51 and - 0 . 4 5  r e s p e c t i v e l y ,  c a n n o t  be  so r e a d i l y  a s s o c i a t e d  w i t h  a
7T +
p a r t i c u l a r  s p i n .  I n d e e d ,  t h e  c o e f f i c i e n t s  c a l c u l a t e d  f o r  J  = 3 , 4 ,
— ~f"
5 , and 6 do n o t  show d i f f e r e n c e s  l a r g e  enough t o  a l l o w  d e f i n i t e  
a s s i g n m e n t s  a t  an  e n e r g y  w h e r e  i n t e r f e r e n c e s  a r e  known t o  be s t r o n g  
( s e e  s e c t i o n  3 . 2 ) .
4 . 2  DOPPLER-BROADENED PROFILES
The s p r e a d  o f  t h e  o b s e r v e d  e n e r g i e s  o f  gamma r a y s  e m i t t e d  i n
n u c l e a r  r e a c t i o n s  r e s u l t s  f r om  t h e  k i n e m a t i c a l l y  a l l o w e d  r a n g e  o f
r e c o i l - i o n  d i r e c t i o n s  w i t h  r e s p e c t  t o  t h e  a n g l e  o f  o b s e r v a t i o n .  I g n o r -
-1 4i n g  s l o w i n g  e f f e c t s  ( f o r  t r a n s i t i o n s  o f  l i f e t i m e  <  10 s e c ) ,  t h e
i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  gamma-ray  e n e r g i e s  i s  d e t e r m i n e d  by t h e
c o r r e l a t i o n  o f  t h e  r e c o i l - i o n  d i r e c t i o n ,  o r  a l t e r n a t i v e l y  t h e
a s s o c i a t e d  l i g h t  r e a c t i o n  p r o d u c t ,  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  a t
w h i c h  t h e  gamma r a y s  a r e  o b s e r v e d .  T h u s ,  f o r  a r e a c t i o n  s u ch  as  
1 2
C ( a , a ' 7 ) ,  t h e  a 1-7  c o r r e l a t i o n  i s  s u p e r p o s e d  on t h e  o b s e r v e d  D o p p l e r  
b r o a d e n i n g  o f  t h e  4 . 4 3  MeV gamma r a y .  A c o m p a r i s o n  o f  c a l c u l a t e d  c o r ­
r e l a t i o n s  w i t h  m e a s u r e d  gamma- ray  s p e c t r a  i s  a c h i e v e d  by t r a n s f o r m a t i o n  
f r om  t h e  a n g l e  b e t w e e n  t h e  p a r t i c l e  and t h e  gamma r a y  t o  gamma- ray  
e n e r g y ,  by means  o f  t h e  u s u a l  D o p p l e r - s h i f t  f o r m u l a .
A c o m p l e t e  d i s c u s s i o n  o f  t h i s  met hod  h a s  b e e n  g i v e n  by 
C o c k b u r n  e t  a l .  [Co 6 9 ] ,  and  a p r a c t i c a l  u s e  o f  i t  d e m o n s t r a t e d  i n  t h i s  
l a b o r a t o r y  by C loud  and Ophe l  [Cl  6 9 ] .
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4 . 2 . 1  E x p e r i m e n t a l  methods
S p e c t r a  o f  t h e  4 .4 3  MeV gamma r a y s  were o b t a i n e d  a t  0° and
90° w i t h  r e s p e c t  to  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  beam, u s i n g  a f o i l
t a r g e t  o f  n a t u r a l  c a rbon  (~ 100 |ugm/cm2 t h i c k ) ,  and a Ge(Li )  d e t e c t o r
3
w i t h  a s e n s i t i v e  volume o f  a p p r o x i m a t e l y  30 cm .
The p r o f i l e s  were  e x t r a c t e d  from t h e  f i r s t  e s c a p e  peak 
b e c a u s e  t h e  background  c o n t r i b u t i o n ,  due m ain ly  t o  t h e  Compton s c a t t e r ­
ing  p r o c e s s ,  i s  r e l a t i v e l y  c o n s t a n t  i n  t h e  v i c i n i t y  o f  t h a t  peak;  t h e  
r a p i d  v a r i a t i o n  o f  t h a t  same background  a c r o s s  t h e  f u l l  e n e rg y  and
second  e s c a p e  peaks  p r e v e n t e d  r e l i a b l e  background  s u b t r a c t i o n .  The
12s lo w in g  down o f  t h e  e m i t t i n g  C* n u c l e i  i n  t h e  t a r g e t  d i d  n o t  a f f e c t
t h e  p r o f i l e s  s i g n i f i c a n t l y  s i n c e  t h e  l i f e t i m e  o f  t h e  4 .4 3  MeV e x c i t e d  
12 -14
s t a t e  o f  C i s  e x t r e m e l y  s h o r t ,  «  10 sec  [Aj 68 ] .  No c o r r e c t i o n  
was made f o r  t h e  f i n i t e  s i z e  o f  t h e  d e t e c t o r  b e c a u s e  t h e  a t t e n u a t i o n  o f  
t h e  c o r r e l a t i o n  due to  t h e  f i n i t e  c h a n n e l  w i d t h  o f  t h e  s p e c t r a  was 
known t o  be t h e  dominant  e f f e c t  [Cl 6 9 ] .
4 . 2 . 2  P r o f i l e  c a l c u l a t i o n
P r o f i l e s  were  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n
n(ei5e2)
0 i 2 ( e 2 ) ct)i 2 (E2 )
ö 12 ( E 1)
F (e i 2 ’ *12) Sln012 d012 db 2  ’
( 4 . 3 )
where  N(E^,E2 ) i s  t h e  number o f  gamma r a y s  o b s e r v e d  be tw een  e n e r g i e s  
E  ^ and E2 , t h e  c h a n n e l  w id th  AE o f  t h e  r e c o r d e d  s p e c t ru m  b e i n g  such 
t h a t  AE = E9 - E^; F ( 6 ^ 9 ,<|) 2 ) i s  t h e  t r i p l e  a n g u l a r  c o r r e l a t i o n  f u n c ­
t i o n ,  a s  g i v e n  by Sharp  e t  a l .  [Sh 54];  ö ^ C E ^ ) ,  0 12^E2 ^ ’ ^ 1 2 ^ 1 ^ ’ and
<t> 1 2 ( E2  ^ a r e  t h e  c e n t r e - o f - m a s s  a n g l e s  o f  t h e  a l p h a  p a r t i c l e s  f o r  which 
t h e  a s s o c i a t e d  r e c o i l s  y i e l d  gamma r a y s  o f  e n e r g i e s  E  ^ and E2 .
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When t h e  gamma r a y s  a r e  o b s e r v e d  i n  t h e  d i r e c t i o n  o f  y a x i s ,  
i . e .  f o r  t ' 2  = 90° and ^  = 0° ,  t h e  r e l a t i o n  be tween 6 9 (E.j ) ,  ^ 1 2 ^ 2 ^ ’
0 1 2  ( E i ) , and $ (E? ) i s  such t h a t
E = E ~  ( s i n 0 12( E 1) c o s c D ^ E j )  - s i n 0 l 2 (E? ) cos4>l 2 (E2 ))  ,
whe r e  E i s  t h e  u n s h i f t e d  e ne r gy  o f  t h e  gamma r a y s ,  v i s  t h e  c e n t r e - o f -  
mass v e l o c i t y  o f  t h e  a s s o c i a t e d  a l p h a  p a r t i c l e s ,  and c t h e  speed  o f  
l i g h t .
The c o r r e l a t i o n  f u n c t i o n  F may be w r i t t e n
2 Z ( - 1 ) P s k j
k 1k2 k !2
ri rr i 1
X G
h ^12 h
k k k„
1 12 2
h J2
z a 2j2i2j2, i2k2) ( 4 . 4 )
where
s 1 + i ? + ^i  + + ^-|2 + ^ 2 + ^ 2 + ^2 + ^l + ^2 ’
and
A.
k l k2k 12
(k^ k 9 0 p 2 j k 12 P 2 ^
M-o
k2 (f. 0)
^ 2 *
\
| 2
(4ir)
( 2 k 2 +  1 ) ( 2  k 12 +  1)
( 4 . 5 )
The quantum numbers  and a n g l e s  a r e  i l l u s t r a t e d  i n  f i g .  4 . 1 .  The c o e f ­
f i c i e n t s  k^,  k>, and k  ^ , must  s a t i s f y  t h e  t r i a n g u l a r  c o n d i t i o n s  f o r
which G ^ 0,  and c o n s e r v a t i o n  o f  p a r i t y  r e q u i r e s  t h a t  k,  + kn - k 0 be o 1 2  1/
even.
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When the gamma rays are observed in the direction of the z
oaxis, i.e. for 0~ and <t> = 0 , the factor A simplifies greatly
^ k j 12
and may be written
A
klk2k12
(k^oolt^o) Pk (e)2) . (4.6)
In that case, the relation between 0 (E) and 0 ( E )  is
I Z. I I z  z
E = E^  ^ (cos012(E1) - cos0l2(E2)) .
In the last stage of the calculation, a gaussian resolution 
function was folded into the distributions N(E ,E2).
4.2.3 0° profiles
The profiles observed at 0°, for bombarding energies ranging 
from 7.95 to 10.25 MeV, are shown in fig. 4.3. The two characteristics 
of these profiles are their shape and width which vary considerably 
with energy. On the other hand, while the profiles are symmetric up to 
E^ = 8.50 MeV, a more or less marked asymmetry, indicative of inter­
ference effects, is evident above that bombarding energy.
Profiles were calculated, using the method described in the 
preceding subsection, for J^ values of 0~*”, 1 , 3 ,  4"*", and 6^, with the 
same channel width, detector resolution, and bombarding energy. Only 
the lowest possible value of was used, in accord with the hypo­
thesis made in subsection 3.3.1. The calculated profiles exhibit 
sufficient variation in shape and width, showing that the variation in 
width of the experimental profiles is not merely a kinematic effect, to 
allow spin-parity assignments under ideal situations in which a single 
level is involved (see fig. 4.3).
PROFILES 0 2 9  KeV/channel /= >
8 - 15
8 50
8 90
8- 96
+ o 0
9 0 5
o  +  \\
// + ° 9 2 0
9 4 0
9 - 6 0
8-30
8 5 0 9 - 8 0
1000
10 • 20
CHANNEL NUMBER
Fig. 4.3: Calculated and observed 0° profiles. In the lower portion
of the figure, normalized profiles collected between E =7.95 anda
8.50 MeV are superposed for comparison. The dispersion is 4.44 keV/ 
channel.
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A simple comparison of the experimental profiles collected
between = 7.95 and 8,50 MeV (they are shown, normalized and super-
16posed, in fig. 4.3), indicates that the most important 0 level in
71that region of bombarding energy has a J value of 3 (or, less likely,
1 ). An unambiguous identification of the level requires a
quantitative analysis of the profiles, which follows.
As can be seen from equations (4.4) and (4.6), a profile may
be decomposed into elementary profiles which are associated with
individual Legendre polynomials P (cos0 „). These elementary
12 U
profiles have been calculated for k ^  = 0, ..., 6, and are shown in 
fig. 4.4. A least-squares fit of some experimental profiles was per­
formed in order to evaluate the relative contribution of these elements 
(see fig. 4.4). The results were
for E =7.95 MeVa
PQ - (0.09 ± 0.05)P - (0.53 ± 0.05)P2 ,
for E =8.30 MeVa
PQ + (0.03 ± 0.13)P - (0.25 ± 0.02)P2 ,
for Ea 9. 05 MeV 
PQ + (0.25 ± 
+ (1.15 ±
0.14)P + (0.12 ± 
0.28)P3 + (0.16 ±
0.01)P2 
0.35)P4 ,
for Ea 10.20 MeV 
PQ + (0.04 
+ (0.33 
- (0.40
± 0.06)P 
± 0.40)P3 
± 0.48)P5
+ (1.13 ± 
+ (1.51 ± 
+ (1.16 ±
0.04)P?
0.15)P4
0.16)P, 6
Comparison of the above Legendre polynomial coefficients with
those calculated
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for a 1' level:
for a 3~ level:
for a 4+ level:
for a 6+ level:
p o 0.31 P2 >
p o + 0.71 P2 + 1. 14 P4 '
p o + 1.12 P2 + 1. 51 P, + 0.48 ,4 6
indicates clearly, despite interference effects, that a 3 level is 
predominant in the 7.95 to 8.50 MeV region of bombarding energy. This 
result is in full agreement with the assignments of 3 to the levels at 
=7.95 and 8.15 MeV (see [Aj 71]), and constitutes a test for the 
profile method. It also indicates that a 3 level, or background, 
present at = 8.50 MeV, may extend above that bombarding energy.
This is in agreement with the (a,a1) results (see section 3.4). The
coefficient values for E = 10.20 MeV can readily be associated with aa
6+ level, strong interference effects appearing in the odd terms,
whereas the values for E =9.05 MeV suggest interference contributionsa
in the even as well as in the odd terms.
Experimental profiles, and calculated single-level profiles 
with (represented by the least-squares fit) and without interference
terms, are shown for E = 7.95, 9.00, and 10.20 MeV in fig. 4.5.a
4.2.4 90° profiles
Profiles observed at 90°, and presented in fig. 4.6, have 
fewer valuable characteristics than the 0° ones. Only a variation of 
the peak-to-valley ratio, and of the width as a function of bombarding 
energy to a lesser extent, are noticeable. Their symmetry is a pure 
kinematic effect.
An analysis similar to the one carried out on the 0° profiles 
was found to be extremely difficult and time-consuming, and therefore 
was not pursued.
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12F ig .  4 . 6 :  Gamma-ray D opp le r -b roadened  p r o f i l e s  fo r  t h e  C (a ,a*7 )
r e a c t i o n  measured a t  90°.  The d i s p e r s i o n  i s  4 .6 4  keV /channe l .
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4.3 SUMMARY
The angular distributions results are compatible with, and 
the Doppler-broadened profiles tend to confirm, the assignments of 4+
to the level at E = 8.96 MeV and of 6+ to the level at E = 10.20 MeVa a
made as a result of the (a,aQ) and (a,a1) studies (see Chapters 2 and 
3). Furthermore, a lower limit of 3 may be set to the possible 
J values of the levels decaying through the inelastic channel, as 
deduced from the angular distributions, and a 3 level background or 
level is evident around E =8.5 MeV through the profiles.
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CHAPTER 5
DISCUSSION AND CONCLUSION
The v a r i o u s  r e s u l t s  g a i n e d  t h r o u g h  t h e  p r e s e n t  s t u d i e s  a r e  
s e l f - c o n s i s t e n t ,  and t h e  a s s i g n m e n t s  made c a n  be  c o n s i d e r e d  a s  d e f i n ­
i t i v e .  S t i l l ,  i n  o r d e r  t o  g e t  c o n f i r m a t i o n  o f  t h e s e  r e s u l t s  and t o  t r y  
t o  g i v e  some i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  o f  t h e  l e v e l s  c o n c e r n e d ,  
c o m p a r i s o n s  h a v e  t o  b e  made w i t h  t h e  r e s u l t s  o f  o t h e r  s t u d i e s .  I n  t h i s  
c h a p t e r  p r e s e n t  s p e c t r o s c o p i c  e v i d e n c e  and o t h e r  r e l e v a n t  e x p e r i m e n t a l  
r e s u l t s  and t h e o r e t i c a l  p r e d i c t i o n s  a r e  b r o u g h t  t o g e t h e r  and e v a l u a t e d .
5 .1 EVALUATION OF SPECTROSCOPIC EVIDENCE
5 . 1 . 1  The 0+ l e v e l
1 fS i £
T h i s  l e v e l ,  o b s e r v e d  a t  1 4 . 0  MeV t h r o u g h  t h e  0 ( e , e ' )  0
12
r e a c t i o n  [S t  69 ,  S t  7 0 ] ,  i s  c l e a r l y  s e e n  i n  t h e  p r e s e n t  C ( a , a  ) d a t a .
o
S t r o n g  s u p p o r t  f o r  t h i s  a s s i g n m e n t  i s  g i v e n  by t h e  r e s u l t s  o f  M a r v in  
and S in g h  [Ma 7 2 ] ,  d e s p i t e  t h e  d i f f e r e n c e s  b e t w e e n  t h e  t o t a l  w i d t h  T
and r a t i o  T / T  w h i c h  t h e y  g i v e  and t h o s e  d e d u c e d  f rom  t h i s  work ( s e e
%  '  ,2
t a b l e  5 . 1 ) .  S i n c e  t h i s  l e v e l  h a s  n o t  b e e n  s e e n  i n  t h e  C ( a , a ' ) o r
^ N ( p , a )  r e a c t i o n s  T / T  s h o u l d  be  u n i t y .
a
+  °
The 0 l e v e l  s u g g e s t e d  by C l a r k  e t  a l .  [Cl 68] i s  c h a r a c t e r ­
i z e d  by a v e r y  l a r g e  w i d t h  (4 8 0 0  keV ).  I t  was o n l y  t h r o u g h  a l o n g -
r a n g e  e x t r a p o l a t i o n  o f  t h e i r  p h a s e  s h i f t  b eyond  t h e  h i g h - e n e r g y
16l i m i t  o f  t h e i r  d a t a ,  12 .11 MeV i n  0,  t h a t  t h e y  w e r e  a b l e  t o  f i n d  s u ch  
a l e v e l .  C o n s e q u e n t l y ,  t h e i r  a s s i g n m e n t  c a n n o t  be  co m pared  t o  o r  t a k e n  
a s  s u p p o r t  o f  t h e  p r e s e n t  o n e .
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T a b le  5.1
S p e c t r o s c o p i c  i n f o r m a t i o n  r e l a t i n g  t o  t h e  0+ l e v e l
r  / r Ref s .R e a c t i o n
(MeV ± keV)
14 .00  ± 50 170 ± 50
14 .035  ± 15 1 13 ± 20 1 . 0  ± 0.1
14.07 ± 20 260 ± 25 Ma 72~  0.6
t  s ee  s e c t i o n  2 . 5  and t a b l e  2 .2
T a b l e  5 .2
S p e c t r o s c o p i c  i n f o r m a t i o n  r e l a t i n g  t o  t h e 3 l e v e l
, 6 0*
(MeV ± keV)
r c . m. 
(keV)
ß r  / r
a o
R e a c t i o n R e f s .
12
14 .104  ± 150 661 ± 200 3 0.21 C ( a , a  )
12
t
14.222 ± 150 890 ± 200 3 0.22  ± 0 .1 0 C ( a , a  ) o
t
t  s e e  s e c t i o n  3 . 4  and t a b l e  3 .3
+ s e e  s e c t i o n  2 . 5  and t a b l e  2 .2
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The p r e s e n t  0 l e v e l  h a s  n o t  b e e n  o b s e r v e d  i n  any N - n u c l e o n  
t r a n s f e r  r e a c t i o n ,  and t h e  n a t u r e  o f  i t s  s t r u c t u r e  i s  unknown.  N e v e r ­
t h e l e s s ,  i t  h a s  t o  be  n o t e d  t h a t  a 0^ l e v e l  h a s  b e e n  p r e d i c t e d  a t  1 3 .8 5  
MeV [K1 6 9 ] ,  w h i c h  w o u ld  h a v e  a mixed  s t r u c t u r e  ( 2 p - 2 h  + 4 p - 4 h ) .
5 . 1 . 2  The 3 ’ l e v e l
The r e s u l t s  o f  t h i s  s t u d y  h a v e  p r o d u c e d  t h e  o n l y  e v i d e n c e  so
12
f a r  f o r  t h i s  l e v e l .  As f a r  a s  t h e  p r e s e n t  a n a l y s i s  o f  t h e  C ( a , a  )o
12
and C ( a , a ' ) d a t a  i s  c o n c e r n e d ,  t h e  e x i s t e n c e  o f  t h i s  n e g a t i v e - p a r i t y  
l e v e l  i s  f u l l y  w a r r a n t e d ,  t h e  p a r a m e t e r s  h a v i n g  r e l a t i v e l y  l a r g e  e r r o r s  
( s e e  t a b l e  5 . 2 ) .  S t i l l ,  i n  t h e  a b s e n c e  o f  an y  o t h e r  e v i d e n c e ,  t h e  
p r e s e n t  a s s i g n m e n t  s h o u l d  p e r h a p s  be  c o n s i d e r e d  a s  t e n t a t i v e .
5 . 1 . 3  The 4 + l e v e l s
( i )  t h e  4^ ~ ( 1 3 . 8  MeV) l e v e l
T h i s  l e v e l  h a s  o n l y  b e e n  a s s i g n e d ,  and w i t h o u t  any a m b i g u i t y ,
1 2t h r o u g h  C + a  r e a c t i o n s  ( s e e  t a b l e  5 . 3 ) .  I t  i s  c e r t a i n l y  t h e  same 
l e v e l  w h i c h  h a s  b e e n  o b s e r v e d  i n  +  p r e a c t i o n s  [Ba 5 9 ] ,  w i t h  
s i m i l a r  r e s o n a n c e  e n e r g y  and t o t a l  w i d t h ,  b u t  i t s  p a r t i a l  w i d t h  
w ou ld  be  s m a l l .
I t  c a n  be  i d e n t i f i e d  w i t h  t h e  l e v e l  o b s e r v e d  t h r o u g h  t h e  
^ N ( ^ H e , p ) ^ 0  r e a c t i o n  [Br 64]  (E^ = 1 3 .8 6 9  MeV, T = 85 keV),  and
I  )  £  I  4
i n d i c a t e d  n e a r  1 3 . 9  MeV t h r o u g h  t h e  C( L i , d )  0 [Me 68] and
13 6 16
C( L i , t )  0 [Ba 69b,  Ba 70]  r e a c t i o n s .  I t  w o u ld  a p p e a r  f rom t h e s e  
r e s u l t s  t h a t  t h i s  l e v e l  h a s  a n o n - n e g l i g i b l e  Np-Nh s t r u c t u r e  and c o u l d  
be  i d e n t i f i e d  w i t h  t h e  4~^  l e v e l  p r e d i c t e d  n e a r  1 3 .0 7  MeV, w h ic h  h a s  a 
mixed  ( 2 p - 2 h  + 4 p - 4 h )  s t r u c t u r e  [Ce 6 6 ] .
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T a b l e  5 .3
S p e c t r o s c o p i c  i n f o r m a t i o n  r e l a t i n g  t o  t h e  4^  ( 1 3 . 8  MeV) l e v e l
160*
(MeV ± keV)
r c . m.
(keV)
r
a
/ r
o
R e a c t i o n Ref s .
13 .88 90 4+ - 12C ( a , a ' 7 ) Mi 64a
13 .880  ± 8 78 ± 10 4+ 0. 58 ^2 C ( a , a ' ) t
13.886  ± 8 73 ± 10 4+ 0 .6 5 ± 0 .05 12C ( a , a o ) f
13 .89 ± 10 90 ± 10 4+ 0 .7 5 ^2 C ( a , a  ) o Ma 72
t  s ee s e c t i o n  3 .4 and t a b l e  3 .3
+ s e e s e c t i o n  2 . 5 and t a b l e  2 .2
T a b l e  5 .4
S p e c t r o s c o p i c  i n f o r m a t i o n  r e l a t i n g  t o  t h e  4 ( 1 4 .6  MeV) l e v e l
r /r R e a c t i o n Refs
(keV)(MeV ± keV)
Ca 641 4 . 66
0 .7 9  ± 0 .1 0411 ± 10014 .635 ± 38
14 .635 ± 75 0 .75651 ± 100
Ma 72670 ± 20014 .70  ± 10
+ s e e  s e c t i o n  2 . 5  and t a b l e  2 .2
f s e e  s e c t i o n  3 . 4  and t a b l e  3 .3
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( i i )  t h e  4 + ( 1 4 . 6  MeV) l e v e l
12 12
N e i t h e r  i n  t h e  C ( a , a  ) n o r  i n  t h e  C ( a , a ' ) d a t a  i s  t h i so
l e v e l  i m m e d i a t e l y  e v i d e n t .  T h i s  i s  m a i n l y  b e c a u s e  o f  t h e  v e r y  
p r o x i m i t y  o f  t h e  5 ( 1 4 . 6  MeV) l e v e l ,  w h ic h  i s  a l m o s t  a s  w i d e  a s  t h e  4+
s t a t e .  On ly  a t h o r o u g h  a n a l y s i s  o f  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r ­
i n g  d a t a  t h r o u g h  f i t t i n g  p r o c e d u r e s  a l l o w e d  t h i s  a s s i g n m e n t .  S i m i l a r  
d i f f i c u l t i e s  w e r e  e x p e r i e n c e d  by C a r t e r  e t  a l .  [Ca 64] and  M a r v in  and 
S in g h  d u r i n g  t h e  i n t e r p r e t a t i o n  o f  t h e i r  r e s u l t s .  S t i l l ,  t h e  o v e r a l l  
e v i d e n c e  i s  c l e a r l y  i n  f a v o u r  o f  t h i s  a s s i g n m e n t  o f  4+ ( s e e  t a b l e  5 . 4 ) .
A s t r o n g l y  p o p u l a t e d  l e v e l  n e a r  1 4 . 4  MeV h a s  b ee n  o b s e r v e d  
t h r o u g h  t h e  ^ N ( a , d ) ^ 0  r e a c t i o n  [Ar 71 ,  Ri 66,  Z i  7 0 ] .  An a s s i g n m e n t
o f  4"*" [Ri 66,  Zi  7 0 ] ,  b a s e d  on t h e  2 J  + 1 r u l e ,  was made i n  an  a t t e m p t
+ + + +
t o  i d e n t i f y  t h a t  l e v e l  w i t h  t h e  4 member o f  t h e  t r i p l e t  ( 4 , 5 , 6 )
p r e d i c t e d  n e a r  1 5 . 0  MeV [Zu 6 8 ] .  T h i s  l a t t e r  l e v e l  i s  c o m p l e t e l y  d i f ­
f e r e n t  f r om  t h e  4 + s t a t e  found  h e r e ,  b e c a u s e  o f  i t s  d i f f e r e n t  w i d t h  
( t h e  w i d t h  i s  ~  30 keV, i . e .  l e s s  t h a n  10°]0 o f  t h e  w i d t h  o f  t h e  p r e s e n t
l e v e l ) .  A l s o ,  i t  h a s  b e e n  fo u n d  t h a t  t h i s  1 4 . 4  MeV l e v e l  d e c a y s
12 r
p r e d o m i n a n t l y  t o  t h e  4 . 4 3  MeV s t a t e  o f  C [Ar 7 1 ] ,  a s  o p p o s e d  t o  t h e
12p r e s e n t  l e v e l  w h i c h  d e c a y s  m o s t l y  t o  t h e  g r o u n d  s t a t e  o f  C. T h i s  
r e s u l t  c o u l d  i n d i c a t e  t h a t  t h e  1 4 . 4  MeV l e v e l  i s  t h e  5+ member o f  t h e  
t r i p l e t ,  i n s t e a d  o f  b e i n g  t h e  4+ member.  B u t ,  i t  h a s  t o  be n o t e d  t h a t  
no e v i d e n c e  f o r  t h e  1 4 . 4 0  MeV l e v e l  h a s  b e e n  fo u n d  i n  t h e  ^ N ( p , a ' ) 
r e a c t  i o n .
5 . 1 . 4  The 5 l e v e l
L i k e  t h e  4+ ( 1 4 . 6  MeV) l e v e l ,  t h i s  s t a t e  d i d  n o t  a p p e a r  
c l e a r l y  f rom s i m p l e  i n s p e c t i o n  o f  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  
r e s u l t s ,  b u t  i t s  p r e s e n c e  was e s s e n t i a l  t o  a c c o u n t  f o r  t h e  ( a , a  ) and
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( a , a 1) d a t a  nea r  E = 1 0 . 0  MeV. In  s p i t e  o f  d i s c r e p a n c i e s  between
a
t h e i r  v a l u e s  f o r  t h e  A phase  s h i f t  and t h e  p r e s e n t  r e s u l t s ,  t h e  l e v e l  
p a r a m e t e r s  o f  t h i s  5 l e v e l  compare w e l l  w i t h  t h o s e  o f  Marv in  and 
S ingh  ( s e e  t a b l e  5 . 5 ) .
T h i s  l e v e l  can be i d e n t i f i e d  w i t h  t h e  5 l e v e l  o b s e rv e d
t h r o u g h  t h e  ^ C ( ^ L i , d ) ^ 0  [Me 68, Ar 71] and ^ N ( a , d ) ^ 0  [Ar 71]
r e a c t i o n s .  I n d e e d ,  Artemov e t  a l .  [Ar 71] found a l e v e l  n e a r  14 .6  MeV
12which d ecays  by a l p h a  e m i s s i o n ,  m a in ly  t o  t h e  ground s t a t e  o f  C, and
I Twere  a b l e  t o  a s s i g n  a J  v a l u e  o f  5 on t h e  b a s i s  o f  a d e t a i l e d  s tu d y
12 6 16 12
o f  t h e  c o i n c i d e n c e  a n g u l a r  c o r r e l a t i o n  i n  t h e  C( L i , d )  0 ( a )  C 
r e a c t i o n .  They i d e n t i f i e d  t h i s  l e v e l  the t h i r d  member o f  t h e  f i r s t  
n e g a t i v e - p a r i t y  r o t a t i o n a l  band (B.j ),  which had been  p r e d i c t e d  a t  
14 .8  MeV w i t h  a p redom inan t  3p -3h  c o n f i g u r a t i o n  [Ke 65] .
5 . 1 . 5  The 6+ l e v e l
The f i r s t  t e n t a t i v e  a s s i g n m e n t  to  t h e  14 .8  MeV l e v e l  was
JT  ~h JTg i v e n  by C a r t e r  e t  a l .  [Ca 64, Mi 64a]  as  e i t h e r  J  = 0  o r  J  = 1 .
T h e i r  e r r o n e o u s  a s s i g n m e n t  was m a i n ly  due t o  a r e l a t i v e l y  poor
1 2a n g u l a r  r e s o l u t i o n  i n  t h e i r  ~ C ( a , a Q) d a t a .  I t  i s  o n l y  t h r o u g h  t h e
p r e s e n t  work t h a t  t h i s  l e v e l  was c l e a r l y  shown t o  be a 6^ l e v e l .
F u r t h e r  e v id e n c e  f o r  t h i s  a s s i g n m e n t  was g i v e n  r e c e n t l y  by Ramirez and
12B e r n s t e i n  [Ra 71] and Marv in  and Singh from t h e i r  C ( a , a Q) e x p e r i m e n t s  
( s e e  t a b l e  5 . 6 ) .
I n  t h e  ^ N ( a , d ) ^ 0  r e a c t i o n ,  a l e v e l  n e a r  14 .8  MeV has  been
found t o  be s t r o n g l y  e x c i t e d  [Ar 71,  Ri 66,  Zi  7 0 ] .  The v a l u e s  g i v e n
12f o r  t h e  t o t a l  w i d t h  a r e  s i m i l a r  t o  t h o s e  o b t a i n e d ,  from C + a
r e a c t i o n s .  F u r th e r m o r e ,  Artemov e t  a l .  s t a t e  t h a t  t h i s  l e v e l  decays  t o
12t h e  ground s t a t e  and f i r s t  e x c i t e d  s t a t e  o f  C w i t h  e q u a l  p r o b a b i l i t y ,
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T a b l e  5 .5
S p e c t r o s c o p i c  i n f o r m a t i o n  r e l a t i n g  t o  t h e  5 l e v e l
, 6 <3* r c . m. / ■ r / ra 0
R e a c t i o n Refs .
(MeV ± keV) (keV)
14 .53 ± 80 - (5 ) , 2 C(6L i , d ) 160 Me 68
14 .6 ± 100 480 ± 100 5’ - , 2 C(6L i , d ) ' 60 Ar 71
14 .640 ± 150 541 ± 150 5” 0.92 ^ C ( a , a '  ) t
14 .676 ± 38 729 ± 100 5~ 1 .0 0  ± 0 .05 C ( a , a  ) 0 t
14.82 ± 20 950 ± 1 00 5” < 0 .9 ^ C ( a , a  ) 0 Ma 72
t se e s e c t i o n  3 . 4  and t a b l e 3 .3
t see s e c t i o n  2 . 5  and t a b l e 2 . 2
T a b l e  5.6
S p e c t r o s c o p i c i n f o r m a t i o n  r e l a t i n g  t o t h e  6+ l e v e l
16 0* r c . m. j ir r / ra 0
R e a c t i o n Ref s .
(MeV ± keV) ( keV)
14 .74 ± 100 - ( 6+ ) - 14 , , 1 6N ( a ,d )  0 Ri 66
14 .78 45 (0 + , r ) ^ C ( a , a  ) 0 Ca
64
14.8 40 (0 + , r ) 12 C ( a , a ' ) , a ' 7 ) Mi 64a
14.801 ± 8 68 ± 10 6+ 0 .4 4 C ( a , a ' ) t
14.81 70 ± 10 6+ 0 . 5 0  ± 0 .03 ^2 C ( a , a Q) Ra 71
14.812 ± 8 81 ± 10 6+ 0 .3 8  ± 0 .05 C ( a , a  ) 0 t
14.82 - - - 14 , . 1 6N ( a ,d )  0 Ar 71
14.82 ± 30 69 ± 30 - - 14 , , 1 6 .N (a ,d )  0 Zi 70
14.87 ± 30 60 ± 20 6 + ~  0 .4 0 C(a>a ) 0 Ma 72
t  s e e  s e c t i o n  3 . 4  and t a b l e  3 .3  
t  s e e  s e c t i o n  2 . 5  and t a b l e  2 .2
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which  i s  c o n s i s t e n t ,  w i t h  t h e  p r e s e n t  l e v e l .  T h i s  same s t a t e  has  been
o b s e r v e d  t h r o u g h  t h e  C ( ^ L i , d ) ^ 0  [Ar 71,  Ba 70,  Me 6 8 ] ,  ^ C ( ^ L i , t ) ^ 0  
13 6 16
[Ba 6 9 a ] ,  and C( L i , t )  0 [Ba 69b, Ba 70] r e a c t i o n s .  I t  a p p a r e n t l y
+
has  a dominant  2 p - 2h c o n f i g u r a t i o n ,  and would be t h e  6 member o f  t h e  
B,| r o t a t i o n a l  band p r e d i c t e d  a t  12 .17 [Ce 6 6 ] and n e a r  1 5 .0  MeV [Zu 6 8 ].
A c onsequence  o f  t h i s  r e s u l t  i s  t o  c o n f i r m  t h a t  t h e  r e l a t i v e l y
+ 12 wide  (> 120 keV) 6 l e v e l ,  o b s e r v e d  n e a r  16.2  MeV t h r o u g h  t h e  C ( a , a Q)
r e a c t i o n  and s e v e r a l  a l p h a - t r a n s f e r  r e a c t i o n s  ( s e e  [Aj 7 1 ] ,  [Ar 7 1 ] ) ,
i s  t h e  f o u r t h  member o f  t h e  B^~ (4 p -4 h )  band ( i t  had been  p r e d i c t e d
be tw een  13 .9  and 17.42 MeV [Ar 67,  Ce 6 6 , Ke 65,  Zu 6 8 ] ) .  F u r th e r m o r e ,
t h i s  6+ ( 4 p -4 h )  s t a t e  i s  n o t  t h e  l e v e l ,  a l s o  n e a r  16.2 MeV, s t r o n g l y
p o p u l a t e d  by t h e  ^ +N ( a , d ) ^ 0  r e a c t i o n  [Ri 6 6 , Zi  70 ] .
5 .2  SUMMARY AND CONCLUSION
12 12Through t h e  p r e s e n t  s t u d i e s  o f  t h e  C ( a , a  ) and C ( a , a ' )o
12r e a c t i o n s ,  and to  a l e s s  e x t e n t  o f  t h e  C ( a , a  7 ) r e a c t i o n ,  a s s i g n m e n t s  
1 6
t o  s i x  l e v e l s  i n  0 ,  be tw een  13 .5  and 15 .0  MeV, have been made. A l l
12bu t  one a r e  c l e a r l y  c o n f i rm e d  by s i m i l a r  s t u d i e s  o f  C + a  and o t h e r  
r e a c t i o n s .  P a r a l l e l s  drawn be tween  t h e  p r e s e n t  r e s u l t s  and t h o s e  
g a in e d  from t h e  s t u d y  o f  N -nuc le on  t r a n s f e r  r e a c t i o n s  a l l o w  s u g g e s ­
t i o n s  t o  be made a bou t  t h e  s t r u c t u r e  o f  t h r e e  l e v e l s .  The "mean" 
v a l u e s  o f  t h e  l e v e l  p a r a m e t e r s ,  deduced  from t h e  p r e s e n t  and o t h e r  
s t u d i e s  o f  12C + a  r e a c t i o n s ,  a r e  g i v e n  i n  t a b l e  5 .7 .
I f ,  i n  o r d e r  t o  know t h e  l e v e l  p a r a m e t e r s  w i t h  a b e t t e r  
a c c u r a c y ,  i t  would be n e c e s s a r y  t o  have  more p r e c i s e  e l a s t i c  s c a t t e r i n g  
d a t a ,  i t  would a l s o  be u s e f u l  t o  have  b e t t e r  and more numerous 
i n e l a s t i c  s c a t t e r i n g  d a t a  b e c a u s e ,  as  can be s e e n  t h ro u g h  t h i s  work,  a 
s i m u l t a n e o u s  c o l l e c t i o n  o f  bo th  d a t a  i s  f e a s i b l e ,  and a c o m p a r a t i v e  and
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complementary  a n a l y s i s  o f  bo th  r e s u l t s  i s  h i g h l y  v a l u a b l e .  F i n a l l y ,  a 
f u l l  d e s c r i p t i o n  o f  l e v e l s  n e c e s s i t a t e s  more and b e t t e r  s u b s t a n t i a t e d  
r e s u l t s  f rom N - nuc le on  t r a n s f e r  r e a c t i o n s .
T a b l e  5 .7
1 6C h a r a c t e r i s t i c s  o f  0 l e v e l s  be tween  E = 1 3 . 5  and 15 .0  MeV,
x
a s  s u g g e s t e d by t h e p r e s e n t  and o t h e r s t u d i e s
o f  12 C + a  r e a c t i o n s  ( s e e  t e x t ) •
y , 6 0* r c . m. r / ra o
Dominant
C o n f i g u r a t i o n
(MeV) (keV)
4+ 13.88 83 0 .66 2p-2h  + 4p-4h
0+ 14. 03 181 0 .8 0 -
( 3 " ) 1 4 .1 6 775 0.21 -
4+ 14. 65 520 0 .85 -
5" 14.71 740 0 .9 4 3p-3h
6+ 14.81 60 0.43 2p-2h
PART 2
THE
16
0 NUCLEUS NEAR 2 0 . 8  MeV
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CHAPTER 6
AN ALPHA-TRANSFER REACTION
6.1 INTRODUCTION
16The n u c l e a r  s t r u c t u r e  o f  0 i n  t h e  r e g i o n  o f  e x c i t a t i o n
aro und  20 - 21 MeV has  a l r e a d y  been s t u d i e d  by e l a s t i c  and i n e l a s t i c
a l p h a  s c a t t e r i n g  [Ca 64, Mi 64a]  ( s e e  a l s o  [Aj 7 1 ] ) .  The a lp h a
s t r e n g t h  was found t o  be a p p r e c i a b l e ,  bu t  due t o  t h e  v e r y  h i g h  l e v e l
d e n s i t y  many s t r u c t u r a l  d e t a i l s  were  o b s c u r e d .
12 8 8
In  t h e  C(a,  Be) Be r e a c t i o n  (Q = - 7 .4 6 4  MeV) bo th  t h e
g
a l p h a  p a r t i c l e  and t h e  g r o u n d - s t a t e  ( g . s . )  Be n u c l e u s  have z e ro  s p i n ,
and s t a t e s  o f  t h e  i n t e r m e d i a t e  ^ 0  n u c l e u s  a r e  r e s t r i c t e d  t o  = 0~*~,
H“  “h
2 , 4 ,  . . . .  Such " s e l e c t i v i t y "  i s  an a t t r a c t i v e  f e a t u r e  o f  t h i s  
r e a c t i o n .
The r e s u l t  o f  a f i r s t  s t u d y  o f  t h e  r e a c t i o n  by C h e v a l l i e r  e t
a l .  [Ch 6 7 ] ,  f o r  bombarding  e n e r g i e s  r a n g i n g  from 11 .85  t o  19 .4  MeV,
8 8s u g g e s t e d  t h e  e x i s t e n c e  o f  a Be- Be r o t a t i o n a l  band,  c h a r a c t e r i z e d
by an an o m a lo u s ly  l a r g e  moment o f  i n e r t i a .  T h i s  band,  based  on a 0+
l e v e l  a t  16 .75  MeV, would be t h e  f o u r t h  r o t a t i o n a l  band i d e n t i f i e d
16w i t h i n  t h e  l e v e l  s t r u c t u r e  o f  0,  and t h e  t h i r d  o f  p o s i t i v e  p a r i t y
( s e e  t a b l e  1 . 1 ) .  Subse que n t  t h e o r e t i c a l  c a l c u l a t i o n s  by A b g r a l l  e t  a l .
[Ab 6 7 a ] ,  which p r e d i c t e d  a r o t a t i o n a l  band g e n e r a t e d  by an a x i a l l y
symmetr ic  8p-8h  s t a t e ,  l e n t  s u p p o r t  t o  t h e  e x p e r i m e n t a l  r e s u l t s  o f
“I*
C h e v a l l i e r  e t  a l .  F u r t h e r m o r e ,  an  8 l e v e l  was p r e d i c t e d  a t  an
e x c i t a t i o n  ene rgy  o f  2 1 .5  MeV [Ab 67b] .
R e c e n t l y ,  e v i d e n c e  f o r  a wide  h i g h - s p i n  l e v e l  was found 
12
t h r o u g h  t h e  C ( a , a o) r e a c t i o n  [Ca 64,  Ca 6 8 ] ,  and a l p h a - t r a n s f e r
1 o  r  1 O ~7
r e a c t i o n s  C( L i , d )  [Co 70 ,  Ar 71,  Ba 71] and ~C( L i , t )  [Co 7 0 ] .
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This level was identified either as the / member of the first negative 
_band (B^) [Ca 64, Ca 68, Ar 71J, or as the 8 member of the first
■f —positive band (B^) [Co 70, Ba 71]. A 7 level, belonging to the band
B^, had been predicted at 15»7 MeV [Ke 65, Fe 66]* Prediction had also
been made of an 8 level, belonging to the band B^, at excitation
energies ranging from 17 o 5 to 20.5 MeV [Ke 65, Fe 66, Ce 66, Zu ..],
depending on the allowed "kinking" of that band and on the amount of
mixing with the second positive band B.^ . The above experimental and
theoretical results are summarized in table 6.1.
The 90° excitation function recorded by Chevallier et al.c . m.
exhibits a broad anomaly (~ 1200 keV wide) centred at approximately
1 6E = 17.75 MeV (i.e. 20.47 MeV excitation energy in 0). The parallel a
which can be drawn between this anomaly and the supposed 8+ level found 
near 20.8 MeV, because of the similarities in width and position, 
motivated the present work.
The aim of the present experiment was to re-examine, in
12 8 8detail, the reaction C(a, Be) Be around a bombarding energy of 18 MeV,
j -j ^
and to find further evidence of an 8 level in 0 near the correspond­
ing excitation energy, i.e. ~ 20.7 MeV. The bombarding energy ranged
16from 15.0 to 18.96 MeV, the corresponding excitation energy of 0
1 6lying between 18.4 and 21.4 MeV. At these high excitation energies 0
can decay into four alpha, particles in several distinct ways. The most
important decay modes, the energetics of which are indicated in
fig. 6.1, ares
160 - 1 *8Be + 8Be ,
■a ,
2a ;
(1)
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Table 6.1
Summary of the information related to a high-spin level 
in 0 near 20.8 MeV
a) Experimental
160* rc. m.
Suggested
band Reaction Refs.
(MeV) (keV)
7" 20.9 700 2^C(a,a0) Ca 64
7 ~ 20.8 400 h l2C(a,aQ) Ca 68
7 " 20.8 ± 0.2 590 ± 100 h l2C(6Li,d) Ar 71
8 + 20.8 600 Bt l2C(6Li,d) Co 70
8+ 20.88 ± 0.06 720 ± 100 B! 12 6 . . C( Li,d) Ba 71
8+ 20.8 600 Bt 12 7^C(/Li,t) Co 70
b) Theoretical
l60* Band Ref s.
(MeV)
1 ~ 15.7 Ke 65, Fe 66
8+ 17.5 »! Ke 65, Fe 66
8+ 20. 1 »? Ce 66
8+ 20.5 B! Zu
8+ 21.5 < Ab 67b
Fig. 6.1: Schematic diagram of various decay modes of excited 0 into
four alpha particles.
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1 6 8
(2) 0 - Be + 2 a  ,
Be -  2a  ;
1 6^ 12
(3 ) 0 - Cx + a  ,
0041
C
M
C" -  Be + a
(4) t
o
4 a ( 6 . 1)
Unambiguous  i d e n t i f i c a t i o n  o f  p r o c e s s  (1 )  was made u s i n g  a t e c h n i q u e  
t o  d e t e c t  a l p h a  p a r t i c l e s  s p e c i f i c a l l y  a s s o c i a t e d  w i t h  t h e  b r e a k u p  o f
g
Be n u c l e i  w h ic h  i s  d e s c r i b e d  i n  s e c t i o n  6 . 2 ,  a l o n g  w i t h  o t h e r  e x p e r i ­
m e n t a l  d e t a i l s .  E x c i t a t i o n  f u n c t i o n s  w e r e  r e c o r d e d  a t  90°  , 2 0 ° ,  ,c .m.  l a b
and 3 0 ° ,  . , a l o n g  w i t h  a n g u l a r  d i s t r i b u t i o n s  m e a s u r e d  a t  f o u r  i n c i d e n t  i a b
beam e n e r g i e s .  The r e s u l t s  and t h e  a n a l y s i s  o f  t h e  a n g u l a r  
d i s t r i b u t i o n s  a r e  p r e s e n t e d  i n  s e c t i o n  6 . 3 .
6 . 2  EXPERIMENTAL DETAILS
6 . 2 . 1  T a r g e t  chamber
The t a r g e t  cha mber  u s e d  f o r  t h e  m e a s u r e m e n t s  was t h a t  d e s ­
c r i b e d  i n  s u b s e c t i o n  2 . 1 . 2 ,  and t h e  t a r g e t s  w e r e  n a t u r a l  c a r b o n  f o i l s  
(~  20 pgm/cm2 t h i c k ) .  A p a i r  o f  d e t e c t o r s  u s e d  t o  m e a s u r e  t h e  2 0 ° ^ ^
and  90°  e x c i t a t i o n  f u n c t i o n s  and t h e  a n g u l a r  d i s t r i b u t i o n s  wasc . m.
f i x e d  on t h e  r o t a t a b l e  b o t t o m  p l a t f o r m  o f  t h e  ch a m b e r ,  w h i l e  a s e c o n d  
d e t e c t o r  p a i r  u s e d  a s  a m o n i t o r  was f i x e d  a t  3 0 ° ^ ^  on t h e  t o p  
p l a t f o r m .
g
6 . 2 . 2  D e t e c t i o n  o f  Be
g
The Be n u c l e u s  i n  i t s  g r o u n d  s t a t e  h a s  a b r e a k u p  e n e r g y  o f
-  f)
95 keV, and a mean l i f e  o f  1 . 2  X 10 s e c  [Ba 68] w h ich  i s  s u f f i c i e n t l y
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g
long for the Be (g.s-) nucleus to be treated as a stable particle so
g
far as nuclear reactions are concerned. Thus, the Be (g.s.) nuclei
g
emitted in (a, Be) reactions have a unique energy at a given laboratory 
angle, as for any two-body reaction product.» On the other hand, the
g
Be lifetime is short enough for the nucleus to break up while in the
g
target, therefore the detection of Be must be accomplished by the
coincident detection of the two breakup alpha particles [Br 65].
These particles, A and its "companion" A , are confinedc
within a cone. The axis of this cone is the direction of the moving
g
Be (see fig. 6.2), and its half-angle a  ^ is given by
sin a = (B/E )2 , (6.2)max 8
8 *where B is the breakup energy of Be and E its kinetic energy. The
O
kinetic energies E and E^  of the two breakup alpha particles are such 
that
E + E = B + E , (6.3)c 8
which is a constant at a given laboratory angle.
By adding the contributions obtained from the detection of
g
particles A and A^ a spectrum results in which the "detected" Be is
16 8 8unambiguously identified. Decay modes other than 0 — Be + Be give 
only small or very broad contributions to the spectrum, by reason of 
their kinematics and/or the small angular separation between the two 
detectors, i.e. 10°, and the breakup of ^ 0  into two ^Be nuclei is the 
dominant process in the relevant energy range of the two detected alpha 
particles. The breakup while in motion yields an increasing density of
In the present work, Eg ranges approximately from 2.0 to 9.8 MeV,
and a ranges from 12.5° to 5»5°, max
Fig. 6.2: Schematic representation of the two-counter arrangement and
8of the effective solid angle (shaded area) for the detection of a Be
nucleus, moving along 0 , which breaks up into the alpha particles Az
and A . c
10
E r (MeV)
g
Fig. 6.3: Effective solid angle ü for the detection of Be nucleig
function of Be kinetic energy. Two identical circular detectors 
(radius .65 cm) were used. The distance from the target to the 
detectors was 18.8 cm,and the separation of the detectors was 3.3 
The straight line is the result of the approximate calculation of 
(see Appendix B).
, as a
cm.
n
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alpha particles as the angle a increases from 0 toward a , and onemax
therefore gains in efficiency by placing the two alpha detectors near 
the cone edge.
The geometric efficiency, or effective solid angle ft, for the
g
detection of Be is a function not only of the area of the detectors, 
but also of their shape and orientation with respect to the breakup 
cone. The dependence of detection efficiency on detector orientation 
implies that, with a fixed detector geometry, the solid angle ft depends
g
on a which in turn depends on the Be (g.s.) kinetic energy. Hence,
8 8for the method used here to detect Be nuclei from an (a, Be (g.s.))
g
reaction, Ü is a function, because of kinematic relations, of the Be 
laboratory angle Q and the beam energy.
g
Details of the Be breakup kinematics and of the calculation
of ft are given in Appendix B. The curve giving ft as a function of E ,8
which was used in the experiment, is shown in fig. 6.3.
6.2.3 Electronics
Two silicon surface barrier detectors of 100 mm2 area and of
300 ohm-cm resistivity were coupled to charge-sensitive preamplifiers
(ORTEC 109A) and linear amplifiers (ORTEC 410). The output pulses were
fed to a fast-coincidence unit (ORTEC 414A), via timing single-channel
kanalyzers (ORTEC 420) which enabled energy selection and cross-over 
time derivation, and to a sum amplifier (ORTEC 433) via linear gates 
(ORTEC 426) controlled by the coincidence signals (with the available 
beam intensities, typically .5 p-A, the rate of random coincidences was 
found acceptable with a resolving time of 110 ns). The sum pulses were
k The energies of breakup alpha particles were found, through 
kinematic calculations, to lie between 0.5 and 6 MeV.
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fed into an IBM 1800 computer, to which INTERTECHNIQUE ADCs were inter­
faced, which was used as a 512 channel pulse-height analyzer. A 
schematic representation of the overall system is given in fig. 6.4.
6.2.4 Cross section determination
The differential cross section in the centre-of-mass system 
(dcr/dfi)^  ^ was calculated using the following relation
■ der
d ft c . m.
2.66018 X 10-4 ~ S (mb/sr) , (6.4)o l L* L
where
Y is the yield, obtained by summing the number of counts in
g
the Be peak of the sum spectrum (see fig.. 6.5), 
ti is the solid angle, as defined in subsection 6.2.2, in 
steradians,
J is the laboratory to centre-of-mass transformation 
function,
W is the molecular weight of the target,
S is the charge state of the incident particle,
C is the total beam charge, in pC, incident on the target, 
t is the target thickness in gm/cm2.
Because of the low coincidence counting rate, no dead time
correction was required. The target thickness t was unknown, and the
quantity t * was used as a normalization factor. The relative normal-
. o oization of the data was made with respect to the 20 . , and 30 . ,lab lab
excitation functions, the absolute normalization was derived from the
results of Chevallier et al. by means of the 90° excitationc . m.
function.
linear
gate
linear
gum
amplifier
512 ch
fast
coincid
timing
s«o«a*
linear
amplifier
detector
linear
amplifier
deteotor
preamplpreampl
Fig. 6.4: Schematic diagram of the electronic setup.
o 200
150 200
channel number
Fig. 6.5s Sum spectra collected at the indicated laboratory angles 
f°r Ea = MeV* A random spectrum (R.S.) is also presented.
(M
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6.3 RESULTS AND DISCUSSION 
6.3.1 Experimental results
The 90° excitation function (fig. 6.6), measured fromc . m.
E^ = 15- 0 to 18.96 MeV, is in close agreement with the results of
Chevallier et al. up to E =16.5 MeV. Beyond this energy, where thea
earlier measurements have large statistical uncertainties, the struc­
ture of the present excitation function is established as two main 
anomalies; a broad anomaly (1300 keV wide) centred at approximately
E = 17.5 MeV, and a narrow resonance (120 keV wide), superposed on thea
1broad anomaly, at E = 18.36 MeV (20.9 MeV in 0*). Each of thesea
anomalies was examined by means of the measurement of the angular
distributions presented and discussed below.
The excitation functions measured between 16.6 and 18.5 MeV
at 20°, , (0 varying from 38.1° to 36.8°) and 30°, (0 varyinglab c.m. lab c.m.
from 57.1° to 55.1°) are also shown in fig. 6.6. The same characteris­
tics are evident, although with different intensities, as in the
90° excitation function,c . m.
The four angular distributions (fig. 6.7), measured at
E^ = 17.4, 17.7, 18.05, and 18.36 MeV, display strong and regularly
spaced oscillations. It is evident that the oscillations correspond,
in number and approximate position, to the zeros of Legendre polynomial
P (P zeros are, in the region of interest, at 48.6°, 76.2°, and 6 6
103.8°). Furthermore, due to the symmetry of the second stage of the
16 8reaction where the intermediate 0 nucleus breaks up into two Be 
nuclei, the angular distributions are symmetric with respect to 90°c. m.
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6.3.2 Interpretation.
The symmetry of the angular distributions, inherent in the
12 8 8C(a, Be) Be reaction, prevents any identification of the reaction 
mechanism« On the other hand, the strong oscillations displayed by 
these distributions are consistent with predictions of compound nucleus 
and direct reaction theories in which important high partial waves 
imply rapid oscillations«
In view of the rather simple aim of this experiment, i.e. the
j *| ß
search for some further evidence for an 8 level in 0, the most 
general expression for the differential cross section was employed to 
fit the data« This expression, given by Lane and Thomas [La 58], is
CUCL
[ ( 2 11 + 1) ( 2 12 + 1) ] z I Aa' s'V (Q, asV a ) | 2 dfl
(6.5)
where the complex reaction amplitudes A ,s,-,, i) can be written
A I I I I)a s V ,asV a
TLl
k
-C,(e,)6, , , + i £ (2.8 + 1)a a a s V ,asV
X (Sjgvol JM)(s'Vv'm' 1 JM)
r 2iooae V  Ra's1&',asi - uJ, , ,a s i ,as1 ,)jß a
(6.6)
In the present case, where all spins are zero, equations (6.5) and
(6.6) simplify to give
-J_ I 4k2 1 t  (21 + 1) U0 Z
( c o s e )12 , (6.7)
the dynamics of the reaction being expressed through the elements of 
the collision matrix U. All symbols and notations are described in 
Appendix A.
The angular distributions were fitted using a non-linear 
least-squares fitting subroutine, FITTEM [Ha 68], with the above
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expression for the cross section, £ values ranging from 0 to a maximum
1 6£ . If the reaction proceeds through isolated resonances in 0,max
£ should be equal to J, J being the spin of the corresponding state max
1 6in 0. The best fits were obtained with £ = 6, no significantmax
improvement in the fits being gained with £ =8. Although directmax
reaction processes are expected to occur at these energies, which means 
that an £ = 8 wave could contribute to the cross section, it can be 
concluded that the cross section in the 17.0 - 18.5 MeV range of bom­
barding energies is mainly due to an £ = 6 orbital angular momentum.
Thus, there is no evidence of any 8 level in the 20.0 - 21.0 MeV
16 1 2 8 8region of excitation in 0 through the C(a, Be) Be reaction.
6.3.3 Conclusion
The best substantiated spin-parity assignment made for the 
20.8 MeV level has been given by Artemov et al. [Ar 71]. They found
that the 20.8 MeV state decays by alpha emission, mainly to the ground
12 7T -state of C, and were able to assign a J value of 7 on the basis of
a detailed study of the coincidence angular correlation in the reaction
1 2 6 1 6 1 2  -C( Li,d) 0(a) C. Their result supports strongly the 7 assignment
suggested by Carter et al. [Ca 64, Ca 68] following studies of the
12C(a,ao) reaction. Similar alpha-scattering experiments performed
+ 16recently [Mo 70] failed to give any evidence for an 8 state in 0 
above 20.0 MeV, although any level wider than 40 keV could have been 
observed. Furthermore, a 7 level or an 8 state at 20.8 MeV would fit
—  -j*in the B^  or B^  rotational band, respectively. The best evidence then 
seems to be for a 7 level at 20.8 MeV, the predicted 8+ level(s) would
be at an excitation energy above 21.0 MeV.
69
APPENDIX A
It is assumed in Chapters 2 and 3 that the C(a,a ) ando
12C(a,a') reactions are two-stage processes proceeding through inter-
1 6mediate states of definite parity in 0. On the basis of this 
assumption the theory of resonant nuclear reactions was used to inter­
pret the experimental results in terms of levels in the compound 
nucleus ^0. This appendix summarizes the formulae used in the 
analysis of the present experiments, and defines the notation used. All 
of the following expressions are either implicitly or explicitly 
derived from the articles by Blatt and Biedenharn [B1 52] or Lane and 
Thomas [La 58].
A.1 Basic nuclear reaction characteristics
set of quantum numbers as^Vm, where s is the channel spin (with com­
ponent v) and H is the relative angular momentum (with component m).
The channel as^vm (denoted by the symbol c) may alternatively be 
defined by the quantum numbers as^JM, where J is the total angular
momentum (J = s + ü) with component M. The intermediate states of
TTdefinite spin-parity J are denoted by i and j.
Initially, the basic channel characteristics will be defined:
E = E , the energy of relative motion of the particles ofc a
the pair a;
A pair a of particles which interact is characterized by the
Mc Ma the reduced mass;
k
2 M E icl a 2a the wave number;k ft2c a
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tik
the relative velocity;
5a !o2la
ftv the Coulomb field parameter;
a £
y .  -1 ( V
- °a0 = L , tan { Tm=1 x where cr „ isai
the Coulomb phase shift;
jl j,
1.40 (A3. + A 3 ) , the interaction radius;ai a2
k r .a a (A. 1)
In a nuclear reaction with entry channel as^JM and exit 
channel a's'i'JM, the channel spins s and s' and angular momenta £ and 
£' are such that
s + i  = J = s' + J0* ,
because of the conservation of angular momentum. From the conservation 
of parity, it follows that i + 1 must be even.
A.2 Case of elastic scattering with s = 0
For spin-zero particles scattered from a spin-zero target, 
i.e. for a = a', and s = s' = 0 ,  angular momenta £ and £' are equal to 
J. The differential cross section can then be written
cr(0)
2ia)„
+ J  ^  + 1) (e
£
exp iri log cosec'a
u p  (cose) (A. 2)
where 0 is the scattering angle. The quantity contains the nuclear
AJ
properties of the scattering process, and its analytic form is given in 
subsection 2.4.2 (see also section A.4). In general, elements of the
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collision matrix 0 are denoted U , . , , but in the present casea s r,asl
they can be labelled by U alone, thence
A. 3 Case of the reaction cross section
For reactions, like the inelastic-scattering process, i.e. 
when a  ^a', the differential cross section has the general form
k~2cr(0) = Js " y  Z (a's',as) PL (cos0) , (A.3)
where
BL(a's',as) = ^(-1) s -s Z Z($,JJ .J.,sL)
J.J.i.i.i'.i'. 1 1 J Ji J 1 J i J
r J-X Z(i! J.jg'J.,s'L) R.P. -UU 1 , , )(U1 1 J J CL S ß ,CLS&'/ <
j
a's'Ü \,as Ü . J J
, )
(A. 4)
R.P. stands for the real part of the bracket; the analytic form of 
is given in section A.4. The summations extend over all terms corres­
ponding to the transitions satisfying conservation of angular momentum 
and parity. In particular, the sum over L includes all terms that 
satisfy the three conditions
(1) max(U. “ i . 1 ,i J u: - i'.i,i j |Ji - Jj|} < L
(2) min(11L + Ü  ^| , U ! + i 1 > i j ij . + j .i)i J > L
(3) {1. + i . - L) i J and U! + l\ - L)i J are both even.
(A. 5)
The Z coefficients in equation (A.4) are purely geometrical factors,and 
contain no specific nuclear properties. Their parameters must satisfy 
the triad relations which hold between some of them; for example, the 
triads (1L1LL) , (J^J.L), (iLJ^s), and (^J^s) must form a possible
triangle. The values of these coefficients are given in the angular 
correlation tables by Sharp et al. [Sh 54].
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A.4 Level parameters. Analytic form of U
The expressions (A.2) and (A.3) for the differential elastic
and inelastic scattering cross sections each involve the collision
matrix which contains the details of the physical problem. To give
UJ an explicit form the assumption is made that there exists, for any
pair of nuclei in channel c, a finite radius a beyond which neitherc
nucleus experiences any polarizing interaction from the other. By con­
sidering the invariance properties of collision processes such as
invariance under time-reversal, the conservation of probability, etc.
J..., it follows that U is a unitary and symmetric matrix.
If elastic scattering is the only channel open is
diagonal, the matrix elements U may then be expressed in terms of a
Ju
real phase shift 6
Ju
Ui (A. 6)
A level of the intermediate nucleus is characterized by its energy
eigenvalue E^, its total width I\ , and partial widths IT^ such that
T = Z T . For the single-channel case channel c can be denoted by 
c
i, the angular momentum quantum number. The phase shift 5 is given
Xj
by
where
= h  '*t +  “i ■
iriiß = tan ' ( „ - --- —
H V E. + A. - Ev n  -H (A. 7)
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is the resonant phase shift, and
tan ’ (F /G„) ,v l H r  =a c c
(A. 8)
the hard-sphere phase shift, F. and G being respectively the regular
J6 Ju
and irregular Coulomb functions; A. is the level shift, i.e. the
1  Xj
amount by which the resonant energy E , ( is shifted from the eigenvalue
L 1 X/
r i H E + A . •a (A.9)
particular
The most important characteristic of a level,
channel, is its reduced width y2 such that
li/
related to a
7U - V 2h  > (A' 10)
where P is known as the penetration factor. There is, on the average,
Xj
an upper limit that may be placed on the numerical value of the reduced 
width, the "Wigner-limit", defined by
2 = 3fi2
;oc 2M a2 c c
Another widely used quantity is the dimensionless reduced width, 
normally specified as
(A.11)
(A.12)
In the more general case of nuclear reactions U is not a 
diagonal matrix. The diagonal elements correspond to the elastic
scattering process, the off-diagonal elements to the inelastic
processes. The energy dependence of the general many-level many- 
channel term in equation (A.4) is contained in the factor
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R. P. c c
' J A \*J Jd'd
4 cos(| + I c c - d ‘ T‘ ß i ß.) r1 r! , r \ .  r ! , f,1 1C 1C Id id
(E. + A. - E)2 +■ -Jr2 (E. + A. - E)2 + Jr2 J J u J (A.13)
where
w  - 0c c (A.14)
For a single level involving no interference effects the collision 
matrix reduces to
J.
u  ?■c c
4 r ric ic 16 P P c c
2 2
7ic 7ic'
(E. + A, - E)2 + -Jr2 (E. + At - E)2 + Jr2 (A.15)
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APPENDIX B
In this appendix the kinematics of Be breakup and the cal­
culation of the effective solid angle Q are described in detail. This 
description is derived from the one given by Brown et al. [Br 65].
8
B. 1 Be breakup kinematics
For a given laboratory angle a (a < a ) there are twomax
+possible energies E and E (see fig«. B.l), and two possible alpha 
particles A+ and A , corresponding to two different centre-of-mass 
angles a, such that
E± = J(Eg cos2a + B) ± cosa[Eg(B - Eg sin2a)]^ . (B.l)
The energy and emission angle of the alpha particles A^ and A^
4 ° —"companions" of A and A are, respectively
E~ = Eo + B - E1 , (B.2)c o
and
a- = arc sin[(E±/E±)2 sina ] . (B.3)c c
g
The spin of the Be (g.s.) nucleus is zero so that the dis-
g
tribution of the breakup alpha particles is isotropic in the Be 
centre-of-mass system. The probability distribution of alpha particles 
with respect to laboratory angle a is then obtained by a standard solid- 
angle transformation represented by a factor G, double-valued, such that
±2 cosa + ( 1 + ”  cos2ay 1 - —  sin2a
(B. 4)
g
F ig .  B .1: V e lo c i ty  diagram fo r  t h e  breakup o f  a Be nuc leus  i n t o  two
a l p h a  p a r t i c l e s .  The v e l o c i t y  v e c t o r s  a r e  l a b e l l e d  by th e  e n e r g i e s  to
which they  co r respond .  The l a b o r a t o r y  v e l o c i t i e s  (co r re s p o n d in g  to  
— +.e n e r g i e s  E and E ) a r e  o b t a in e d  by adding the  a l p h a - p a r t i c l e  v e l o c i t i e sg c g
i n  t h e  Be c e n t r e -o f -m a ^ s  system (ene rgy  B/2) to  th e  Be v e l o c i t y  i n  the  
l a b o r a t o r y  (energy  E )
detector 2detector I
Fig .  B.2:  Schematic r e p r e s e n t a t i o n  o f  t h e  r e l a t i v e  o r i e n t a t i o n  o f  th e
8
two d e t e c t o r s  and o f  th e  Be nuc leus  and i t s  breakup a lp h a  p a r t i c l e s
( d i r e c t e d  towards p o i n t s  A and A ) .c
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g
Bo 2 Effective solid angle for Be det ection
The number of alpha, particles per unit solid angle at an
angle a is proportional to the solid-angle transformation factor G.
The probability for a breakup to occur, with the alpha particle A being
emitted at an angle a in the solid angle dft , is written 2P(a)dft (thea a
factor 2 arises from the inability to discriminate between particles A
and A ), P(a) being the probability of detection of A. Since there are c
two possible alpha particles at a, namely A and A , P(a) is such that
P(a) = P (a) + P (a) , (B.5)
where
P±(a) = ~  G± . (B.6)4tt
The effective solid angle ft can be written
ft = ft+ + ft” , (B. 7)
where
P±(a) s (a, 3;co) since da dß (B. 8)
The integrations are over all Be directions and over the areas of
detectors 1 and 2„ The azimuthal angle ß is indicated in fig. B.2, and
+the function S' (a, ß;oo) is defined by
S±(a,ß;u) 1 if the alpha particle A is detected in thec
second detector,
0 otherwise. (B.9)
One can make the approximation that every point on the area of each 
detector is at the same distance D from the target, and then
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do) = dx dy/D*"1. Because oi s\Timet ry it is only necessary to integrate 
with respect to co over one quadrant and to multiply the result by 
four. Likewise, the integration may be performed over the area of one 
detector and the result multiplied by two.
Consequently, ft can be written
8_
D2
max r max 4* -/ dy F (go) + F ( go)
] 0 -
(B.10)
where x and y are the limits to the direction of Be for which a max max
coincidence can be associated, and F(oj) is
F± (u) = ' P~(a) sha.ßsw) sina da dß . (B.ll)
J 1
+ + + If S (a, ß;Go) is equal to one for a varying between two limits and
the integration of equation (Bo 11) between these limits leads to
F±(co) dß cosa
(B.12)
+ +The limits and a ”. are functions of both ß and go (i.e., of ß, x and
g
y). A plot of the effective solid angle as a function of Be kinetic 
energy is shown in fig. 6.3, for the normal experimental geometry.
A rough estimate of the effective solid angle can be made for 
the detectors close together, neglecting the higher density of alpha 
particles near the edge of the breakup cone and assuming instead a 
uniform distribution over this cone. Let ft^  be the solid angle sub-
g
tended by one detector. The possible Be directions will be distribu­
ted over the breakup cone, of size ft , and the possible directions ofc
the companion alpha particle will be distributed over a cone of size
4ft . The breakup probability in the cone ft is taken as c c
1 fP(a-O) /2ir , (B.13)
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and Ü is such that c
ß. = 1/P(0) = 27r/(l+ b” ) ° (B.14)
The solid angle for detection of one breakup alpha particle in one 
detector being ßQ, the probability that the companion alpha particle 
will be detected in the other detector is ß^/^ß^). Multiplying by 2 
because the "first" alpha particle can be observed by either detector, 
one obtains
ß = ) . (B. 15)
Thus, combining equations (B.14) and (B.15), the expression for the 
effective solid angle a is
a = ß2(E_ + B)/(4ttB) . (B.16)O Ö
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